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Vaults have been historically regarded as the 
ideal structure to span imposing spaces in 
representative and monumental buildings. 
Several studies have been devoted to the 
topic worldwide and cover the evolution of 
vaulting from antiquity to the beginning of its 
progressive decline in the eighteenth century. 
Yet in the following centuries, vaulting tech- 
niques still underwent a significant evolution 
— they were extensively used in historicism 
and attempts were made to adapt vaults to 
modern architecture. How did the changing 
architectural styles and the introduction of 
new construction materials transform vaulting 
techniques in the nineteenth and twentieth 
centuries? 


This book deepens our understanding of the 
global context of vault construction in the 
nineteenth and twentieth centuries, consid- 
ering different countries and going back to 
the origins of industrialization. Ten chapters, 
written by international experts, deal with dif- 
ferent aspects of the construction of vaults in 
this period. Tile vaults have been a recurrent 
technique in different countries, and this fact 
is reflected in several chapters: the tests 
carried out on tile vaults since the end of the 
eighteenth century, Guastavino's relation- 
ships with structural engineers, and the spread 
of the technique in Belgium, Germany and 
Spain in the twentieth century, are some of 
the topics addressed. Chapters on the evolu- 
tion of hollow pot-vaults, the innovations 
behind Lassaulx and Antonelli's vaults, and 
the interaction between roof trusses and 
vaults in Belgian churches complete the book. 


This publication closes off the Marie 
Sklodowska-Curie post-doctoral fellowship of 
Paula Fuentes, funded by the European 
Union's Horizon 2020 research and innova- 
tion programme under grant agreement 
No 833030. lt positions the results of the re- 
search project Brick Vaults and Beyond: The 
Transformation of a Historical Structural 
System, carried out at the Department of 
Architectural Engineering, Vrije Universiteit 
Brussel, in a broad international perspective. 
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Preface 


Interest in the technical aspects of vaults began as early as the 19th century. In the new 
historicist context, outstanding architects such as Willis, Viollet-le-Duc, Lassaulx, 
Ungewitter and Durm focused on understanding medieval buildings, with a clear interest 
in building in historicist styles. They were concerned not only about aesthetics, but also 
about materials, construction sequence and economy. After centuries of passing on the 
tradition from master to apprentice, with no significant technical innovations, there was a 
scientific interest on vaults. At the same time, new materials such as iron, steel and rein- 
forced concrete emerged. As a consequence, there was a proliferation of architectural 
treatises, handbooks, and technical papers showing the combination of old and new tech- 
niques. The new context of industrialization, changes in architectural styles, growing 
structural insights, and a better delineation of the role of building actors, changed the 
building scene, making this period an exciting topic to study. The interest in vaults decli- 
ned during the 20th century, although numerous vaults were still built in representative 
buildings even up until the 1960s. The construction of vaults in the 19th and 20th centu- 
ries represents the end of a tradition, the final flourish before its definitive abandonment. 
Today, there is an increasing interest in the constructive aspects of historical vaults, but 
there remains a noticeable gap in studies of vault construction in the 19th and 20th centu- 
ries. Funding by Horizon 2020 has allowed us to develop the project Brick Vaults and 
Beyond: The Transformation of a Historical Structural System, focused on the construc- 
tion of vaults in Belgium in this period. The results of this project have been striking, es- 
pecially the unexpected discovery of a large number of tile vaults. Although this tech- 
nique has been the focus of attention for many scholars in recent decades, the existence of 
tile vaults in Belgium was unknown. After two years of visiting Belgian buildings and 
archives, we can conclude that tile vaults were very common in this country between 
1900 and 1950. Hundreds of vaults were built, taking advantage of the well-known bene- 
fits of this technique: economy, lightness, speed of construction, and great flexibility in 
design. Several contractors specialized in this technique and issued different patents. The 
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transmission of tile vaults to Belgium is only one of the numerous episodes of the migra- 
tion of the technique (for example, to the United States, South America and Germany) 
that have been discovered in the last years. 

With the publication of this book, we aim at understanding the global context of vault 
construction in the 19th and 20th centuries, including different countries and going back to 
the origin of the process of industrialization. Ten different chapters address different aspects 
of the construction of vaults in this period. After the end of the 18th century, hollow pot- 
vaults became a common technique in France. The evolution of these vaults is addressed by 
Lia Romano. David Wendland reveals the innovations behind Lassaulx and Antonelli”s 
vaults, and Romain Wibaut explains the interaction between roof trusses and vaults in 
Belgian churches between the 1890s and 1910s, where innovations are hidden under the 
roofs. Tile vaults have been, as expected, a recurrent technique in different countries. 
Esther Redondo explains how, since the end of the 18th century, several tests on tile vaults 
were carried out in order to scientifically validate this traditional technique. John Ochsendorf 
addresses the work of Guastavino in the United States, and for the first time, his relation- 
ship with structural engineers. Paula Fuentes explains the construction of the tile vaults in 
the Royal Museum for Central Africa in Tervuren, built at the beginning of the 20th century. 
The tradition took roots in the country, and Paula Fuentes and Rosana Guerra discuss the 
use of tile vaults in Belgian churches in the 1930s. Santiago Huerta tells the fascinating sto- 
ry of how tile vaults arrived in post-war Germany, a country where this tradition did not ex- 
ist. In Spain, the construction of tile vaults in the 20th century was the continuation of a 
long tradition, and Ana Rodríguez and Rafael Hernando deal with the use of tile vaults in 
the Spanish modern movement. After the Spanish Civil war, the scarcity of materials and 
the dictatorship”s commitment to historicist architecture led to the extensive use of tile 
vaults. In this context, the role of architect Luis Moya and his collaborators is addressed by 
Ignacio Javier Gil. This book represents the end of a project that has in fact revealed many 
interesting threads to pull on. 

These contributions were presented in the international symposium Brick Vaults and 
Beyond, organised online on 29 and 30 April 2021, together with Urban.Brussels. Although 
the symposium was planned to take place in the Royal Museum for Central Africa, a 
privileged environment close to Brussels, the circumstances forced us to move it online. 
Besides the contributions published in this book, the symposium started with a keynote lec- 
ture by John Ochsendorf on the construction of contemporary vaults and a lecture by Robin 
Engels (Origin Architecture % Engineering) on the restoration of the Royal Museum for 
Central Africa. The symposium allowed the history of vaulting techniques to be disseminat- 
ed to a broad public of architects, engineers, historians and preservationists. 


Preface xi 


If publishing a book is always difficult, the preparation of this book during the 
COVID-19 pandemic has been a real challenge. As the editors of the book, we are grateful 
for the enormous effort that the authors have made to carry out their research under the cur- 
rent circumstances. Despite problems in accessing libraries, archives and buildings, and dif- 
ficult personal circumstances, the authors were able to complete their chapters with great 
quality. William Hatherell, Sara Wermiel and Rosana Guerra have helped us with patience 
in the revision and copy-editing of the text. The Department of Architectural Engineering at 
the Vrije Universiteit Brussel has been, even in a pandemic period, a warm and inspiring 
environment for the development of this project, and when working in the office was not 
possible, our families have provided the necessary support for the successful completion of 
this project. Finally, the research project and the publication of this book have been possible 
thanks to the European Union's Horizon 2020 research and innovation programme, which 
has funded this project under the Marie Sklodowska-Curie grant agreement No 833030. 


Brussels, May 2021 
Paula Fuentes and Ine Wouters 


Between Reinterpretation and Experimentation 
The Evolution of Hollow-Clay-Pot Vaulting 
in Paris (18th-19th Century) 


Lia Romano 


De toutes les innovations dont s'est enrichi l'art de bátir, de toutes les ressources 
qu'une longue expérience a mises a profit, il en est que nous devons vivement apprécier 
par les avantages immenses qu'elles présentent tant sous le rapport d'une 
incombustibilité a toute épreuve, que comme obstacle insurmontable a l'humidité et a 
Dinfiltration. Je veux parler des Poteries employées dans la construction des planchers, 
murs, cloisons et terrasses, ainsi que dans les voútes des bátiments destinés a |'industrie 


et aux fortifications, casernes et hópitaux militaires (Eck 1836, 1).' 


With these words, the architect Charles Louis Gustave Eck began his treatise on the use of 
hollow clay pots in French building practice of the first half of the 19th century. The light- 
ness, together with the strong fire resistance, the ease of implementation, and the durability 
of the material were some of the reasons that contributed to the spread of this construction 
system in France. To this must be added the properties of sound insulation, water resistance 
and solidity. 

Defined by the historian Pérouse de Montclos as an “éphémere resurgence” (Pérouse de 
Montclos [1982] 2013, 196), the hollow-clay-pot technique was widely used in the most 
important French and Parisian public buildings between the late 18th century and the first 
half of the 19th century. It should be emphasised that this was not really an invention, but 
rather a successful reinterpretation of the ancient Roman-—Byzantine use of hollow clay 
pots, adapted to the needs of contemporary architectural sites.? These particular artefacts, 
which have variable shapes and sizes according to contexts and special needs, can be con- 
sidered characteristic elements of many 18th- and 19th-century lightweight structures. Re- 
newed interest in the “Ancient,” a peculiar feature of this period, concerned not only the 
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formal aspects of architecture but also the constructive ones. The study of Roman and Byzan- 
tine buildings, and the archaeological reports made by art historians and architects during 
their journeys in Italy, Greece and the Middle East, represented the most important prem- 
¡ses for the reinterpretation of this ancient technique (Romano 2017, 1175-1189). The “in- 
vention” was a common denominator in architects? and engineers” activities of those years 


as shown in many mémoires and proceedings of the academies concerned with science and 
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Figure 1. Drawings of the dome of San Vitale”s church in Ravenna and the Mausoleum of Helena in 
Rome, published in the Rondelet treatise (Rondelet [1802-17] 1834, plate LXIX, figg. 4-7). 


Hollow-Clay-Pot Vaulting in Paris 3 


Traité de Cons 


dandie en poteries et plátre. (sans fer) 


de. plancher enfer ee poterios, 


Pes. 


ñ 


me. em 


SR , 
E 
5 


Ly 


Pa 


Compe de. pots cren: asiemblér et confectionnés de maniére 
servir we pour la: partio supiricure: d'uu pluncher . 


AE 


lin 


Figure 2. Vault built with 19th-century pots (Eck 1836, plate 3). 


architecture in Paris, focusing on innovative construction techniques and materials, which 
were often related to ancient systems (Hautecaeur 1952: 4, 62-66; Negre 2016). 

It was no coincidence that in 1785 the engineer—nventor Jean Far Eustache de Saint- 
Far presented to the Royal Academy of Architecture and the Academy of Sciences of 
Paris an essay dedicated to the use of hollow clay pots for the construction of vaults and 
ceilings (Romano 2020, 379-386). The author stated that the idea of building vaults us- 
ing this construction system derived from ancient Roman and Byzantine architecture, in 
particular the church of Santo Stefano Rotondo in Rome and the church of San Vitale 
in Ravenna, which he probably visited during his travels in Italy (Eck 1836, 4; Lemonnier 
1920, 156).* However, compared to the ancient examples, French hollow clay pots had 
various shapes and sizes, and a different method of implementation. Roman and Byzantine 
examples involved horizontally arranged tubes embedded in each other, while in French prac- 
tice the pots were placed vertically, side by side and bound with plaster. The French engi- 
neers studied ancient examples to create new artefacts that would meet their current ar- 
chitectural requirements: non-combustibility, lightness, and solidity. They also experimented 
with the use of the technique in different construction fields (monumental, industrial, 
military buildings) and proposed innovative mixed solutions with ingenious iron struc- 
tures. The ancient examples were only a pretext and starting point for developing new 
solutions (Compare figs. 1-2). 
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In light of these considerations, this chapter provides an overview of the use of hollow- 
clay-pot vaults in Paris in the late 18th century and the first half of the 19th century. Starting 
with a description of the pots” artisanal production, the main construction methods of vaults 
and vaulted ceilings are then presented. Finally, some emblematic interventions using hol- 
low clay pots — both in new buildings and in the restoration of existing ones — are described, 
grouped into three macro periods: a) the end of the 18th century, b) the 1810s to the 1830s, 
and c) the 1840s and beyond. The chapter concludes with a reflection on the transition be- 
tween handmade pots (poteries creuses) and bricks (briques creuses), whose mass produc- 
tion was sanctioned by the Borie patent in the 1840s.* 


A HANDCRAFTED PRODUCTION 


Eck was the first to attempt to trace a “history of the building technique,” investigating its 
origins, describing its production process, and providing a rich case history of the architec- 
tures that employed the system between the late 18th century and the first half of the 19th 
century. He published many projects involving architects, academics, and artisans — the last 
group being the projects” actual material executors, who played a significant role in design- 
ing and refining the terracotta elements. 
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Figure 3. General plan and perspective view of the hollow clay pots factory, bricks, etc., belonging 
to the Duchemin brothers (Plan général et vue perspective de la fabrique de Poteries, briques, etc., 
appartenant 4 MM. Duchemin freres) (Eck 1836, plate 1). 
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Eck was the only treatise writer to describe the production and processing of hollow clay 
pots, and to provide information on the main Parisian factory”s location and operation spe- 
cialising in the production of pots used in construction. The architect devoted two illustra- 
tions to this factory building, grouped together in his treatise”s first plate. He showed a plan 
and perspective view of the establishment managed by the Duchemin brothers and located 
in the faubourg Saint-Germain, in rue Plumet, a street not far from what is now Montparnasse 
station (fig. 3). 

According to Eck, the clay (or terre glaise) used to make hollow clay pots came from the 
Paris plains, such as Gentilly, Vanvres, Vaugirard and Issy (Eck 1836, 12). After extraction 
from the quarry, the clay was collected in clods of about 30-35 kg and stored in cellars or 
other damp places to prevent the clods from drying out too quickly and losing the mois- 
ture needed for processing. The clods were then transported, according to need, to the 
marchoirs, rooms in the factory where the clay was beaten to make it homogeneous and 
free of impurities. It was then placed for twelve hours in containers filled with water in or- 
der to soften it. 

The resulting soft paste was placed in the marchoirs, covered with a light layer of quarry 
earth and worked for three hours. The clay was then taken to the turner?s workshop where 
the material was given the form of pots. After cutting the clay into pieces, the help-turner 
kneaded the material by hand, following the bread-making process. This manipulation, in- 
tended to make the clay easily workable, was only used in the manufacture of pots and not 
for other clay-based building products. At this point, the artisan placed the material in small 
quantities on his worktable (fig. 4). By compressing the earth between his hands, he formed 
a cylinder closed on both sides, taking care to wet his fingers regularly in water to keep the 
earth as pliable as possible. This operation's success depended on the operator”s experience 
and technical skills: it is clear that this was a highly artisanal manual process and still far 
from mass production. 

During manufacture, a peculiar tool, the estec a dents de scie, was used to form grooves 
on the pot's surface to allow the plaster to set during construction. Before placing the 
poteries in the sechoir, three holes were drilled, two on the bases and one on the side 
surface. The pots described by Eck from the 1830s had a slightly pronounced truncated 
cone shape. It is interesting to highlight this aspect to identify an evolution in the produc- 
tion process of the pots, which in the late 18th century had a very different form, as evi- 
denced by Rondelet's treatise.* 

After processing, the bricks were placed in hot chambers at a constant temperature where 
they remained for a minimum (but not maximum) time of eight to ten days. The artisan then 


used various tools (in fig. 4: X, V, Y) to give the lower base a quadrangular shape with 
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rounded corners, on whose sides grooves were stamped as on the rest of the surface. This 
shape served to facilitate the joining of pots during construction and to reduce the amount 
of gypsum. The resulting hollow bricks were then baked for four days in ovens at increas- 
ing temperatures. Depending on the type of firing, it was possible to obtain poteries 
rosées, which were extraordinarily porous and fire-resistant, and poteries gras-cuites, 
which were less fragile but also less heat-resistant. Despite their greater fragility, however, 
it was preferable to use poteries rosées in construction because of the material's excellent 
fire resistance. 

Eck also provided details about the most common dimensions of the pottery used at the 
time. In the section of the treatise dealing with production, he proposed three types with a 
base 0f 13.6 cm and a height ranging from 24.5 cm to 32.5 cm. He also pointed out that pots 
that were smaller in width and height could be quickly built without requiring special pre- 
cautions for transport between the hot chambers and the furnace. 

Compared to the late 18th-century models, the production process improved during the 
19th century, as shown by both Eck and the architect Jules de Joly in his work on the Chambre 
des Députés published in 1840 (Eck 1836, 12-17; de Joly 1840, 17-20). The first hollow 
pots used by the architects Bernardini and Lausserance in 1720 in the Hotel de Condé 
weighed 3 kg, while the prototypes made in 1785 at Saint-Far”s request by the craftsman 
Goblet weighed about 2 kg. On the other hand, Eck pointed out that the pots produced in 
the Duchemin brothers” factory weighed only 1 kg, about a third of the weight of the pots in 
the first experiments. 

Another aspect to consider is how the artefact's external surfaces were treated. In the late 
18th-century cases that have been ascertained and known (detail drawings or material evi- 
dence of the elements), the asperities of the faces are irregular. Moreover, they do not ap- 
pear to have been made with specific tools, such as the estec a dents de scie described by 
Eck. This is the case of the pots used in the construction of the vault of the Salon Carré in 
the Louvre Museum in 1789% and the cornets designed by the architect Jacques Lequeu in 
1786. On the other hand, in the 19th-century cases, the external surfaces seemed to be 
treated with greater care through the use of specific tools. One example is the pot found at 
the abbatial church of Saint-Denis and put in place during the 19th-century restoration 
(Timbert 2008, 94). 

In the current state of research, these comparisons are preliminary to a broader study 
that can, through direct investigations of individual artefacts, create a more compre- 
hensive range of cases from which precise data can be obtained over a broad chrono- 
logical span. 
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Figure 4. Manufacture of globes or hollow pots. Fig.1: Worker turning a hollow pot. Fig. 2: Cutting a 
hollow pot ready to be put in the oven. Figs. 3,4: Plan and cut of a kiln for firing pots. 

(Fabrication des globes ou pots creux. Fig.1: Ouvrier tournant un pot creux. Fig. 2: Coupe d'un pot 
creux prét a étre mis au four. Fig.3,4: Plan et coupe d'un four pour la cuisson des Poteries) (Eck 
1836, plate 2). 


GEOMETRY, MATERIALS, IMPLEMENTATION 


In the 1830s and subsequent decades, hollow clay pots were commonly used for various 
construction purposes, from greenhouses to military trenches. For the construction of vaults 
and vaulted ceilings in this period, the main difference from the ancient Roman—Byzantine 
vaults and domes lies in the size and implementation of the clay tubes as well as in the use 
of iron structures to support them. In the case of large rooms to be covered or complex ge- 
ometries, French architects used ingenious metal structures filled with pots and plaster, thus 
modifying the original structural reference scheme. They reinterpreted the old, experiment- 
ing with new and daring solutions. 


Vaults 


The use of iron in the construction of vaults depended on the rooms” geometry and size. Eck 
identified four categories of hollow clay pot vaults in his treatise and offered examples of 


their implementation. 
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The first category included barrel, annular, spherical and surmounted vaults. In these 
cases, 1t was possible to use only pots, which were laid on a centering, taking care to place 
the circular head, which was more fragile, on the intrados and the quadrangular base on the 
extrados. Eck thus followed the advice given by Louis-Claude Cadet, Antoine Frangois de 
Fourcroy and Charles Augustin de Coulomb in the report written for the Academy of Sci- 
ences in 1785 in response to Saint-Far”s dissertation. On this occasion, Coulomb also high- 
lighted the importance of designing the vaulted systems under consideration, applying all 
known theoretical knowledge in construction practice, carefully assessing the pressure at 
each point and the resulting thickness to be given to the vault. 

Eck recommended overlapping several layers of pots in vaults designed to carry heavy 
loads until the desired thickness was achieved. However, the ashlar at the springing had to 
be built of stone or brick, and the haunches had to be filled, preferably with demolition 
plaster, to mitigate gypsum's swelling between the joints. In general, the use of pots alone 
was strongly recommended in the case of “false” vaults designed to support only their load 
(Eck 1836, 18). Although characterised by the geometries mentioned above, the presence of 
iron became necessary for large vaults. In such cases, the pots had the function of filling the 
compartments of simple iron arches (fig. 5). 

The second category included conical and canon vaults. In these situations, iron was in- 
dispensable, and the size of the filling pots varied depending on the position. 
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Figure 5. P.F.L. Fontaine. Paris: Royal Palace. Dome of the Royal Chapel (Eck 1836, plate 6). 
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For the third category of vaults, the segmental vaults, it was necessary to use a solid iron 
structure divided into multiple compartments filled in with pots. The strong thrust required 
filling the extrados and building buttresses made of plaster obtained from demolitions (Eck 
1836, 19). 

The fourth category included cross and pavilion vaults, in which the iron structure ap- 
peared wholly embedded in the filling of pots and plaster (Eck 1836, 19). Moreover, a fur- 
ther type, unrelated to geometry, was represented by vaults based on a pendentive structure, 
generally made without iron and characterised by inverted extrados vaults (Eck 1836, 20). 


Vaulted Ceilings (plafonds a voussure) 


In addition to vaults, vaulted ceilings also deserve special attention: specifically, planchers 
douellés with a slightly curved soffit (small rise) and planchers cintrés, with a soffit formed 
by a flat surface connected to two curved parts. Depending on the extrados” expected load, 
vaulted ceilings could be divided into four other categories: false ceilings, ordinary ceil- 
ings, sturdy ceilings and terraces. 

In the faux planchers, 1t was sufficient to provide a simple flat iron structure, with a very 
slight curve, divided into compartments to be filled with small pots with a maximum height 
of 15 cm. This system made it possible to obtain mezzanines that were much stronger than 
wooden ones and lighter than brick ones (Eck 1836, 24-25). 

The second and third categories required the design of a more or less complicated 
iron framework composed of three levels of reinforcement: trusses (fermes), little trusses 
(fermettes), and struts (entretoises). Trusses (fermes) were made up of a horizontal tie beam 
(entrait) and a top chord (arbalétrier), a more or less curved element, linked together by 
hoops (frettes). The extremities rested on a bearing to distribute the stresses better and were 
embedded in the supporting masonry (Eck 1836, 26-33). 

The little trusses (fermettes) were a simplified version of the trusses (fermes). They also 
consisted of a horizontal tie-rod and an arched part and were connected by a single rim in the 
centre. They could be embedded in the masonry or attached to wooden parts of the floor. The 
connecting elements between trusses, and potentially little trusses, were iron struts (entretoises), 
which had the function of forming compartments filled with pots (fig. 6). Depending on the 
floor”s complexity and the load to be supported, little trusses could be used independently or 
in combination with trusses to generate a structure, composed of primary and secondary ele- 
ments, and divided into parallelograms of approximately one metre. A particularly significant 
example is the plancher cintré of the hall in the Palace of Versailles dedicated to the July 1830 
revolution, designed by the architect Nepveu in the 1830s. 
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Figure 6. The vaulted ceiling consists of a framework of fermes (f1g.2, A), fermettes (fig. 3, B) and 
entretoises (figs.4-5, C-D). The framework is shown in plan (fig. 6) and axonometric view (fig. 1) 
(Eck 1836, plate 7). 


The last category includes floors used as terraces, for which Eck suggested using pots 
instead of wood as they were more resistant to atmospheric agents. Two interventions of 
this type were designed and realised by Fontaine in the Palais Royal courts? galleries, spe- 
cifically in the Galeries de Proues and the Galeries d'Orleans (Eck 1836, 3436). 


EXPERIMENTATION BETWEEN THE 18TH AND 19TH CENTURIES 


The survey of the use of hollow clay pots presented so far in this chapter makes it possi- 
ble to group the known interventions into three main periods. The first corresponds to the 
late 18th century, characterised by inventors” and architects” early experiments with the 
system. After a temporary decline in the use of the technique in the first years ofthe 19th 
century (Romano 2020, 379-386), the years 1810-30 saw an improvement in the produc- 
tion and use of hollow clay pots. Finally, the decades following the 1840s corresponded 
to the spread of industrially produced briques creuses, which, according to available data, 
gradually replaced the pots in the filling of vaults and vaulted ceilings (fig. 7). 
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Figure 7. The diagram, which is not exhaustive, shows some of the buildings in which hollow-clay- 
pot vaults were built between the 18th and 19th centuries (author”s elaboration). 


The Late 18th Century 


Although Eck dates the first experiments back to the 1720s and in particular to the applica- 
tions made by the architects Bernardini and Lausserance in the Hótel de Condé in Paris 
(Eck 1836, 3-6), the 1780s seem to be the time when the diffusion of the construction sys- 
tem using hollow clay pot began in France. During these years, in addition to the aforemen- 
tioned published essays by the architect Saint-Far and his projects in Paris and the Íle-de- 
France (Romano 2020, 379-386), the experiments carried out by the architects Pierre 
Panseron and Jacques Lequeu should also be mentioned. 

In 1786, Panseron presented the Royal Academy of Architecture with a series of plates 
showing a new procedure for creating flat ceilings and vaults with small wooden elements, 
pots and iron.” This construction system tried to make up for the lack of wood and big 
beams, providing a fascinating answer to a problem that had long been the subject of debate 
in Parisian technical circles at the end of the 18th century (Negre 2012, 459-465). The nov- 
elty of the procedure consisted in the combination of different construction principles that 
were already known: among the three methods presented, the one based on the use of small 
wooden elements put in place to form a structure of regular and concentric polygons, filled 
with pots de terre cuite, is of particular interest. The drawing, made up of plan and section, 
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shows the use of clay tubes with a circular base laid vertically according to a shallow circular 
arc; rather than a vault, itis a slab with a slight curve in the central part. 

Jean Jacques Lequeu (Baridon, Garric, Guedron 2018; Boeri 2018) used this construc- 
tion system to build the floors of the Montholon Hótel in Paris.* A plate produced by the 
architect with remarkable construction details shows the section of a slab made of clay 
tubes called “cornets qui remplissent les entrevaux avec plátre, entre les solives et les fentons 
et crampons” (fig. 8).? The floor is supported by a load-bearing iron framework, of which 
the pots, with their quadrangular base and circular head, are the filling. 

The architect Victor Louis was the first to use a pot and iron structure in three of the most 
important public building of the late 18th century in Paris: the Palais Royal, the Richelieu 
Hall of the Comédie Frangaise (Taillard 2009), and, probably, the Palais Royal theatre 
(Chalvatzi 2020, 31-44). 

In all three cases, the use of clay tubes was associated with a metal framework that was 
considered the system's real supporting structure, of which the pots were simply a filling. 
Although there are no known drawings by the architect of the vaulted ceilings planned for 
the royal palace in Paris, later evidence!* confirms the use of mixed iron and pot structures 
in the galleries adjacent to the theatre of the Comédie Frangaise. Fontaine reported that the 
vaults of these galleries had withstood the fire of 1827 thanks to the use of these non-com- 
bustible materials (Fontaine 1829, 59-60). In the case of the Richelieu Hall vault at the 
Comédie Frangaise, destroyed by fire at the end of the 19th century and rebuilt in the early 
20th century, the architect envisaged a vaulted roof, again consisting of a metal framework 
with a filling of pots (Eck 1836, pl. 31)."! 

The use of hollow clay pots in theatres, as Eck pointed out, was strongly supported by the 
authorities, who recommended their use for the construction of new theatres: this is the case 
of the Théátre du Nouveautés, the Théátre de Ventadour and the theatre annexed to the Palais 
Royal. In the latter case, recent research has shown that the present pitched roof, consisting 
of iron trusses and clay pots, was built in 1784-85 to a design by Louis, making it one of 
the oldest preserved iron and pot structures (Chalvatzi 2020, 31-44). In this case, how- 
ever, to confirm this chronological hypothesis, it might be useful to carry out further in- 
vestigations in the absence of archival documentation. For example, diagnostic examina- 
tions of the terracotta and the comparison with other hollow pots would provide 
meaningful research data. 

In the same years, the construction system was also used by Étienne-Louis Boullée in the 
Hótel á L'angle de la Rue de Gramont et du Boulevard des Italiens in Paris (1785) (Pérouse 
de Montclos 1994, 256-257) and proposed by Claude-Nicolas Ledoux in the Bureaux de la 
Route de Saint Germain, de L'Étoile ou de Neully (1787) (Gallet 1980, 158-159). 
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Figure 8. J. J. Lequeu, Paris: Hótel de Montholon. Detail of the slab formed by an iron framework 
and filling of clay pots. Note the grooves on the pot's surfaces, probably made by hand. (BnF, J.J. 
Lequeu, Détails de plusieurs planchés de fer, 1786, EST VE-92). 
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Figure 9. F. Duban. Paris, Louvre: Salon Carré. Detail of the 18th-century iron roof and hollow clay 
pots (Archives Nationales, 64AJ 294bis, 50). 


The same principle was used to design the covering vault of the Salon Carré in the 
Louvre Museum, currently dedicated to Italian primitive works of art. It is one of the 
most important exhibition spaces in the complex, built during the reign of Louis XIV, 
with an iron and pot vaulted roof made in 1789. The longitudinal section of the room 
and the roof designed by Jean Agustin Renard, the architect to whom the work is at- 
tributed at the end of the 18th century, do not allow an accurate reading of the system”s 
elements. Instead, they are represented by Rondelet in his treatise (for the metal frame- 
work), and by the architect Félix Duban, who was responsible for restoring the strue- 
ture in 1849.!% 

Duban's drawings of the vault before undertaking his restoration work show, in addi- 
tion to the iron supporting structure, the filling of hollow clay elements, arranged verti- 
cally, with a square base and circular head, and with a length of about 16 centimetres and 
a width of 9.5 (fig. 9). The fictile tubes were bound with gypsum mortar and connected to 
the metal beams with small nails placed at regular intervals: they had a ribbed surface and 
were preferred to the traditional bricks because of their lightness. 
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Figure 10. J.D. Antoine. Paris: Hótel de la Monnaie. Detail of a vault made of hollow clay bricks. 
(BnF, département des Estampes et de la Photographie, Hd 625 (3). 


Duban's drawings are incredibly engaging because they show the state of conservation 
of the terracotta elements, which on the south side, most exposed to the weather, were de- 
graded: the technician replaced them with a new roof resting on the iron elements.'* During 
restoration work in 2010, part of the original filling was found near the skylight, making it 
possible to view and analyse the components designed by Guillamot and Renard at the end 
of the 18th century. They were still present at that time in some parts of the roof despite the 
many interventions over the centuries (Fonkenell 2012, 3: 515-524).! 

A different construction system from those described above was used, without the 
aid of a metal framework, by Jacques-Denis Antoine for the roofing of the Monnoyage 
hall of the Hótel de la Monnaie in Paris in 1791 (Antoine 1826; Mosser 1990, 161-175; 
Gallet 1995, 24-29). In this case, the architect deviated almost entirely from the ancient 
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Roman-—Byzantine model and proposed a fascinating new reinterpretation (fig. 10). The 
“hollow bricks” are clarified by a drawing representing the section of a vault and the 
detail of the terracotta elements. They have a quadrangular shape and are stiffened by 
two small wooden parts inserted in correspondence with the ashlars positioned in the 
key and, therefore, more loaded.'* These reinterpretations confirm Antoine's experi- 
mental skills. He was deeply interested in technical aspects and transposed into prac- 
tice original ideas filtered and adapted to the needs of architectural sites. 


The 1810s-30s 


In some of his articles of the early 19th century, the architect-engineer Saint-Far denounced 
a momentary neglect of the clay-pots technique, which in his opinion did not appear to be 
adequately used in construction (Saint-Far 1801, 1-6). However, after a few years there 
was a renewed and extensive use of the system by the most influential architects of the 
time. Pierre Fontaine and Eloi Labarre (Garric 2012), for example, used hollow clay pots 
and a metal framework for the construction of vaults and ceilings in the Palais Royal in Paris 
(181431) (Eck 1836, pl. 6) and the Palais Brongniart, also known as the Palais de la Bourse 
(1813-25). 

As already mentioned, Fontaine built the floors of the terraces of the de Proues and 
d'Orleans galleries using, with some variations, the hybrid iron-pot system. In the first 
case, since the structure had to be attached to the existing building, he opted for a design 
consisting of a ring beam running alongside the masonry, on which he placed oblique 
iron tie rods. The apparatus was conceived in such a way as to put as little burden as pos- 
sible on the existing part while still ensuring the necessary connection (fig. 11). The 
oblique tie rods were then connected to the entretoises which, in addition to stiffening the 
structure, helped to form triangular compartments filled with pots 24 cm high and 8 cm in 
diameter (Eck 1836, 31). It is worth noting that during the restoration work carried out at 
the Palais Royal in the 1920s, Louis Hautecosur had a photograph taken of the soffit ofan 
attic in the Galerie des Proues. The structure looked very similar to the one just described 
but made, in his opinion, by Victor Louis (Hautecasur 1925, 156). 

On the other hand, in the Orleans Gallery, Fontaine built an entirely new construction. 
In addition to the ring beam alongside the masonry, he designed an iron structure in the 
form of an “X” that, unlike the Proues Gallery, evenly distributed the loads over the four 
pillars. Schinkel represented this structure in an interesting description of the 19th-centu- 
ry Parisian experiments (Schinkel 1834, 9-10, pl. XVIID) (figs. 12-13). 
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Figure 11. P.F.L. Fontaine. Paris, Royal Palace: Galeries des Proues. Detail of the iron framework 
fixed to the existing masonry: plan and section (Figs. 2-3) (Eck 1836, plate 16). 


According to Eck, Labarre”s vaulted system design for the Palais de la Bourse was the 
first step towards the exclusive use of non-combustible materials in public buildings (Eck 
1836, 49-50). It is also a significant case study in the evolution of the production and 
implementation of hollow clay pots. In addition to plaster, the pots were bound together 
by a complex system of metal cables, which, as Eck himself pointed out, were no longer 
used in the 1840s because they were not considered necessary to ensure the stability of 
the structure. The pots? mutual contrast and the plaster”s extreme adherence appeared to 
be sufficient. 

A later and fascinating experiment is attributed to Jules de Joly and is related to work 
in the Chamber of Deputies in Paris in the 1820s and 1830s (de Joly 1840). In this case, 
the technician, demonstrating a profound knowledge of the construction system and pro- 
viding a brief history of its use in Paris, employed clay pots to build vaults with and with- 
out a metal framework. In particular, the Louis Philippe room represented one of the most 
daring experiments, with a barrel vault made solely of pots (32.5 cm x 10 cm). Its pecu- 
liarity also lay in the coffered ceiling, with its projections made from tubes of different siz- 
es, which ensured its lightness despite the room's large size. The vault, on a room measuring 
about 20 x 10 metres, was covered on the extrados with a layer of plaster 80 cm thick and 
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Figure 12. K.F. Schinkel. Paris, Royal Palace: Galeries d'Orleans. Detail of the iron framework and the 


pot filling, resting on the four columns, detail. (Schinkel 1834, plate XVIID. 
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Figure 13. Paris, Royal Palace: Galerie d'Orleans, 2017 (Photo: Author). 


stiffened by a system of brick buttresses arranged in a knife-edge pattern (fig. 14). The ta- 
bles accompanying the extended essay on the restoration of the Chamber of Deputies 
published by the architect in 1840 show the use of poteries also in the ceilings of the tri- 
bunes and the terraces of the King's Hall and Distribution Hall, as well as in the vaults on 
pendentives and in some of the ceilings of the library (de Joly 1840, 17-20). 

The work carried out in the 1830s in the palace of Versailles at the behest of King Louis 
Philippe testifies to a further use of pots, in this case strictly associated with iron frames. 
The numerous drawings by Frédéric Nepveu, the architect in charge of transforming the 
royal residence into a museum dedicated to France”s history, show the daring vaulted ceil- 
ings with skylights in many of the rooms of the complex both in the aile du Midi and in the 
aile du Nord (Bajou 1999, 239-270; Biraud 2009, 39-50; Bajou 2018; Didier 2018, 232-243). 
In the room dedicated to the July 1830 revolution (aile du Midi), the technician envisaged a 
vaulted ceiling made up of a complex structure of fermes and fermettes, divided into com- 
partments by entretoises. The latter were filled with pots arranged on several levels (fig. 15; 
Eck 1836, pl. 8). In the Galerie des Batailles, Nepveu employed pots in the arches support- 
ing the central dome's structure. In this case, the terracotta elements, as well as being the 
filling of the fermes superimposed on the Corinthian columns, were also used for the con- 
struction of portions of masonty.'” 
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Chambre des Députés: view of the Louis Philippe Hall (de Joly 1840, 
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Figure 14. Jules de Joly. Paris 


plate 29). 
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Such artefacts were at this point part of the construction practice of the time. The system 
also received the approval of the king. During his more than 300 visits to the palace build- 
ing site, he had the opportunity to observe the progress of construction work with great at- 
tention (Chave, Landgraf 2016, 127-145). Moreover, Fontaine's role in the choice of build- 
ing technique must not be underestimated. He regularly accompanied Louis Philippe on his 
visits as an adviser and, as already mentioned, he had used the pots technique a decade 
earlier at the Palais Royal. 

The last examples mentioned are particularly significant because they were built with hol- 
low pots no longer manufactured by individual craftsmen, but through a standardised produc- 
tion process (Eck 1836, 12-17). Moreover, they testify to the degree of refinement of the 
construction system: it was no longer a matter of experimentation but of applying principles 
that were now known and shared by most technicians. As Jules de Joly himself pointed out, 
the Chamber of Deputies was clear proof of the considerable advantages of using this con- 
struction system — most of all, the possibility of creating light, sturdy, fire-resistant and long- 
lasting vaulted slabs. 


Beyond the 1840s 


Not all 19th-century architects appreciated the design and use of daring and complex iron re- 
inforcements. There were those who, like Viollet-le-Duc, considered this practice profoundly 
wrong, from the point of view of architectural conception, in disguising the structure behind 
decorations. There was, therefore, a problem of structural sincerity and meaning in the archi- 
tecture itself (Viollet-le-Duc 1863: 1, 67-68).!* 

The examples mentioned so far were characterised by the concealment of the metal and 
clay pot structure. In no case was the structural part of the vault left visible. All the archi- 
tects preferred to cover the soffits with plaster and decorations that suggested heavy stone 
vaults from the outside. The complicated metal reinforcements made up of fermes, fermettes 
and entretoises were necessary to avoid leaving visible iron rods in the intrados and any 
elements that might reveal the actual materials used to build the vaults. 

Viollet-le-Duc strongly opposed these proposals. Paying attention to the problems of 
maintaining these structures, he denounced their easily degradable nature and the difficul- 
ties in repairing them. As these were structures in which the iron was often wholly embed- 
ded in a conglomerate of gypsum and clay pots, 1t was impossible to control any parts or to 
partially replace them in the event of instability. In his opinion, the alterable nature of the 
materials and the natural tendency of iron to expand due to temperature changes made it 
necessary to leave the surfaces exposed (Viollet-le-Duc 1863: 1, 68). Despite the criticism, 
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Figure 15. F. Nepveu. Versailles, Cháteau de Versailles: July 1830 Hall. The drawing shows the metal 
framework composed of three types of fermes (A, B, C), fermettes and entretoises (G). 


he stated at the same time that it was precisely this bold use since the beginning of the cen- 
tury that had made it possible to learn about the properties of the new materials. In this ex- 
perimentation, however, architects and engineers would have to work together in such a 
way as to integrate form and structure, practical needs with “art forms” (Viollet-le-Duc 
1863: 1, 74). 

The problem was not the use of materials such as hollow clay pots, whose lightness 
could undoubtedly be an advantage on certain occasions, but rather the widespread repul- 
sion to iron's aesthetic qualities on the part of 19th-century technicians. They even pre- 
ferred to ignore the chains of Italian medieval and Renaissance buildings, deliberately 
omitting them from their representations made during travels in Italy (Viollet-le-Duc 1863: 
1, 69). According to Viollet-le-Duc, it was possible and preferable to build by fully exploit- 
ing the properties of building materials, particularly iron, avoiding making expensive, 
convoluted and not very strong reinforcements. Instead of using a system of fermes and 
fermettes, as in the Versailles palace, he proposed solutions in which architecture, structure 
and appearance were perfectly integrated. 

Viollet-le-Duc's twelfth Entretien on the construction of buildings devoted to stone, 
brick and iron is illuminating in this respect. As well as explaining the practical reasons 


why such systems should be avoided in public buildings, which unlike private homes are 
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Figure 16. E. E. Viollet-le-Duc. Hypothetical structure consisting of cast-iron supports and vaults 


with brick arches and pot infill (Viollet-le-Duc 1863: 3, plate XXID. 
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supposed to last for centuries, he gave numerous descriptive examples accompanied by 
explanatory sketches and drawings. In plate XXII of the Atlas, Viollet-le-Duc depicted a 
daring sequence of vaults and domes set on inclined cast-iron columns embedded in metal 
supports that were themselves fixed in the masonry. The rigidity of the supports was en- 
sured by iron tie rods, strictly visible. Arches made of brick or soft stone could be set on 
these supports, and the vaulting portions filled with pottery or hollow bricks laid flat (fig. 
16). With the necessary variations, the same process was also the basis for designing poly- 
hedral vaults and other composite structures capable of covering a large span (Viollet-le- 
Duc 1863: 1, 94; Campa 2015). 

These ideas seemed to be applied in Viollet-le-Duc*s creations as early as the 1840s. On 
the restoration site (1848-51) of the church of Saint-Etienne in Neuvy-Saint-Sépulchre in 
the department of Indre (Centre-Loire Valley region), he created a dome with clay pots of 
decreasing dimensions, without iron reinforcement and covered with lead on the extrados 
(Hubert 1931, 91-100; 76-85; Malservisi 2005, 405-412). In this case, the choice of mate- 
rial seems to have been dictated by the need not to overload the thin pre-existing walls. 
Unfortunately, static problems caused by humidity infiltration led to the dome”s demolition 
during the 1936 restoration by architect Gabriel Brun (Brun 1938, 76-85). 

The need to build lightweight vaults on existing masonry led Viollet-le-Duc, a few years 
later in 1851, to consider filling the vaulted sections of the Sens Synod Hall with pots bound 
with hydraulic mortar (Timbert, 2008, 94). It was probably the strong resistance to water and 
weathering that led him to create in poterie creuse en terre cuite the surbased vaults of the 
choir tribunes in the church of Notre-Dame in Paris, strengthened by a system of visible iron 
rods placed in the intrados.!” 

The start of Viollet-le-Duc”s architectural production in the 1840s coincided with the 
spread of new patents for lightweight bricks, among which the Borie brothers” patent was 
incredibly successful (Borie 1867; Lacheze 2018, 131-136)." Although briques creuses 
were also known and produced in the preceding decades,?! it was only in these years that 
they became widely employed in construction practice. In 1848 the Borie family patented a 
machine capable of producing standard-sized briques tubulaires quickly and in large quan- 
tities. The invention was intended to improve the poteries, also known as globes, which did 
not always allow them to be stacked without wasting mortar due to their circular shape. The 
parallelepiped bricks of the Borie brothers, on the other hand, combined the advantages of 
full bricks and the lightness of pots, which, moreover, were not produced by mechanical 
methods at the time. Therefore, the main difference lay in the standardised “mass” manu- 
facturing which reduced, if it did not cancel, the role of the craftsman in production and, 
consequently, the differences in size and shape of individual artefacts. 
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The success of this invention, which was presented at numerous exhibitions (the London 
Exhibition in 1851 and the Universal Exhibition in Paris in 1855) earned the Borie brothers 
noteworthy mentions and led to its use in famous Parisian and French construction sites in 
the 1860s and 1870s. Charles Garnier chose to use the briques creuses or tubulaires of the 
Borie system to fill the iron vaults in some rooms of the Opéra Garnier in Paris.? Viollet-le- 
Duc in turn adopted briques creuses in the construction of the barrel vault of the Salle des 
Preuses in the Cháteau de Pierrefonds between the 1860s and 1870s (Timbert 2017, 173). 


CONCLUSIONS 


The research carried out so far has highlighted a moment, around the middle of the 19th cen- 
tury, which probably marked the beginning of the decline in the use of handmade clay pots in 
favour of lightweight bricks with a standardised shape and a rapid production process. The 
transition from artisan to industrial production marked a decisive change in the choice of ma- 
terials used in construction: brigues creuses were undoubtedly quicker and easier to find, 
considering that the machine invented by the Borie brothers produced more than 4000 of 
them a day (Borie 1867, 5). Their square shape also facilitated use in many architectures and 
engineering fields. 

Indeed, in the 1860s poteries were still widely used, as confirmed by the second edition 
of Eck's treatise in 1868. On that occasion, however, the architect supplemented the text by 
adding a few chapters on the construction of vaults and ceilings in tóle (sheet metal) and 
briques perforeés, thus publicising and making official a construction practice that had 
been in use for twenty years (Eck 1868, 145-152). Inventions patented in the following 
decades and the first decades of the 20th century, in France as well as in Belgium (Fuentes 
and Wouters 2019, 437-448; Fuentes and Guerra-Pestonit 2020, 651-663), testify to the 
continuous refinement of the production of hollow bricks, preferred to full bricks because 
of their lightness. 

This chapter has made it clear how far-reaching this theme is. The use of clay pots strad- 
dles two centuries in ways that are significant from a technological perspective. For this 
reason, the research allows for representing the advancement and variation of design solu- 
tions (use of iron, shape of bricks, implementation) as the production of materials. The 
study also lays the foundations for further investigation into the use of briques perforeés in 
France in the second half of the 19th and early 20th centuries, and their relationship with 
the hollow clay pots. The pots continued to be used in other contexts, such as Italy, albeit in 
vernacular architectures, until the middle of the 20th century, when the spread of new mate- 


rials such as reinforced concrete led to their complete abandonment. A similar investiga- 
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tion, although different in terms of the type of architecture involved, could lead to interest- 
ing new insights into French construction history. 
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NOTES 


1. It is a two-volume treatise published in 1836 (first volume) and 1841 (second volume): Eck 
1836; Eck 1841. 


2. For more information on ancient Roman and Byzantine techniques, see Lancaster 2015, 99-126. 


3. Archives of the Musée des Arts et Métiers of Paris, H156, Lettre de C. Saint Far au C. De 
Trouville, son rapporteur, and Addition au mémoire du Sr de Saint Far autour des construction 
légeres et incombustibles avec des briques creuses, Sept. 19th, 1792. 


4. This publication is the partial result of wider research on hollow-clay-pot vaulting in France. 
Unfortunately, the Covid-19 pandemic made it difficult to consult archives and libraries (particu- 
larly, the Archives Nationales and Médiatheéque du Patrimoine), and schedule surveys of the 
buildings studied, the results of which the author would have liked to publish in this essay. 


5. According to Rondelet, the pots” shape and size could vary according to requirements and 
could be square, circular, rectangular, and hexagonal. The base diameter size ranged from 9 to 
20 cm and the height from 11 to 25 cm. The absence of factories for the mass manufacturing of 
the pottery justified the production of artefacts made ad hoc to meet the needs of individual 
projects. (Rondelet 1802-1817: 3: 372-374, plate LXXXXIL figs. 23-33). 


6. An example of the pottery used in the Salon Carré was found during the recent restoration of 
the salon by the architect Michel Goutal (Fonkenell 2012, 515-524). 


7. Institut National d”Histoire de 1”Art, Espace Doucet, 4 RES 1. P. Panseron, Cahier contenant 
en six Planches différents Planchers en bois tres solide et tres Economique. Exécutés sur les 
dessins du Sr. Panseron Architecte, Chez 1'Auteur, Paris 1787; Idem, 2e cahier de charpente 
contenant six planchers tres solides et tres economique dont deux construits en bois, la partie 
du milieu en pots en terre cuite, deux autres construits en bois, la partie du milieu en fer et platras, 
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le deux derniers tout en bois, dont un exécuté et l'autre projetté pour étre mise en exécution. 
De la composition du Sr. Panseron Architecte, Chez 1 Auteur, Paris 1787. 


8. Bibliotheque Nationale de France, Département des Estampes et Photographie, VE-92-FOL, 
J.J. Lequeu, Detail de plusieurs planchés de fer, 1786. 


9. Ibid. 
10. Institut National d'Histoire de 1*Art, MS 51. 
11. Archives Nationales, R* 298 (Taillard, 2009, 276-277). 


12. The Hótel a L'angle de la Rue de Gramont et du Boulevard des Italiens no longer exists (1t 
was replaced in the 20th century) (Pérouse de Montclos 1994, 256). Ledoux”s proposal to build a 
“comble en briques creuses couvert de dalles” in the Bureaux de la Route de Saint Germain, de 
L'Étoile ou de Neully was never realized (Gallet 1980, 158). 


13. Archives Nationales, 64 AJ 294 bis, fogli 50 e 54. 


14. Duban used hollow clay pots and pumice stone for building the decoration of the ceiling coffer 
in the Salle des Sept Cheminées of the Louvre Museum (Inizan 2017, 65). 


15. Ibid. 


16. Bibliothéeque Nationale de France, Département des Estampes et Photographie J.-D. Antoine, 
Recueil. Plans pour l'Hótel de la Monnaie, 11 marzo 1791, HD-625-FOL3. The caption accom- 
panying the drawing reads: “briques creuses avec un tampon et une cheville en bois blanc, pour 
supporter la poussiere et le carreau dans le milieu du bureau de la voute.” 


17. The drawings are kept in the archives of the Cháteau de Versailles. In particular: Palais de 
Versailles. Aile du Midi. Détail de la voussure et des fermes métalliques de la salle de Juillet 
(B26b.71); Palais de Versailles. Aile du Midi. Coupe d'une arcade de la galerie de Bataille. 
Détail de la charpente métallique. Projet (L.50.5). 


18. “Élever une carcasse en fer en forme de voúte en berceau ou d”arétes, comme nous le disions 
tout a 1”heure, et hourder cette structure en plátre et en briques creuses, c'est mentir a la véritable 
structure, c'est mettre en contact immédiat deux matiéres de propriétés opposées, et enfermer le loup 
dans la bergerie” (Viollet-le-Duc 1863: 1, 69-70). 


19. The use of the technique in the church of Notre Dame in Paris was mentioned by Professor 
Arnaud Timbert during two conferences held at the Cité de 1”Architecture et du Patrimoine 
(Paris) on 27 February 2020 (Restaurer et bátir : Viollet-le-Duc au coeur du chantier) and at 
the Polytechnic of Turin on 4 November 2020 (Viollet-le-Duc e Notre-Dame de Paris. Fonti 
ottocentesche e istanze per i restauri attuali). 


20. Patent of 28 October 1848. 


21. In the 1820s, a machine for the production of hollow bricks was already in use in Toulon. 
See Dubrunfaut, Le Bon de Ferussac 1827, 358-359. 


22. For example, the vaults of the basement and the filling of the iron structure of the Foyer de 
la Danse are built using briques tubulaires “systeme Borie”), see Archives Nationales, 
AJ/13/531, Construction de la salle. 
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Brick Vaults by J. C. von Lassaulx 
and A. Antonelli: An Ancient Building 
Technique for the Industrial Age 


David Wendland 


CONSTRUCTION AND CONSTRUCTION HISTORY IN THE TECHNICAL LITERATURE 


Beginning in the early 19th century, comprehensive and detailed information on construc- 
tion was disseminated through print media — treatises and manuals that, in contrast to previ- 
ous treatises on architectural theory, addressed technical issues and procedures that take 
place at building sites. Coincident with this was the establishment of public institutions for 
the formation and training of designers, expert planners, contractors and craftsmen, for 
which instructional materials such as printed drawings and illustrated textbooks were re- 
quired. The background to these changes was, on the one hand, a crisis in institutions of 
craftsmanship and the considerable loss of the practical tradition for passing on technical 
knowledge after the Napoleonic Wars. On the other hand, and more consequential, there 
was a dynamic development in building construction during the industrial age, in quantity 
and in quality, specifically: a huge demand for new buildings, the mass production of build- 
ing materials by industrial processes and the introduction of new materials and technolo- 
gles. A particular challenge was building fireproof manufacturing plants as well as public 
buildings, such as assembly halls, theatres, churches and hospitals. Technical literature was 
published both in the traditional format of treatises and in the new format of technical jour- 
nals. For the treatises, the entrepreneurial challenge of producing the books was overcome 
by dividing them into single sections and separating text volumes and tables, the latter 
produced as engravings. Most of these editorial projects were realized in close connection 
with building authorities or with recently established polytechnic schools. 

A striking characteristic of the illustrated texts on building construction published during 
the first decades of the 19th century is that the descriptions of contemporary practices mainly 
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focus on singular prominent buildings where innovative or notable solutions were success- 
fully implemented, while at the same time much attention is given to buildings from the 
remote past. As a matter of fact, historical structures are usually presented as a main source 
for innovative construction in the industrial age: detailed studies of historical construction 
played an essential part in the descriptions of building techniques for modern practical use. 
The recourse to the architecture of classical antiquity is inherited from the great architec- 
tural treatises in the Vitruvian tradition. However, instead of the canonical orders or the is- 
sues of proportion and ornament, other matters moved to the centre of interest: for instance, 
the details of Egyptian and Greek stone constructions and their assembly, or the cupolas in 
masonry or concrete of Roman imperial architecture. Moreover, in contrast to the classical 
theory of architecture, medieval construction comes to be featured: this happens already at 
the beginning of the century. 

The most prominent representative, but by far not the first, of the idea of formulating 
general construction principles from the study of medieval architecture is Eugene Viollet-le- 
Duc. He explained how principles that are presumably found in Gothic structures could be 
used as a conceptual basis for formulating ideas of good construction in perfect conformity 
with the industrial age. His interpretation of the archaeological evidence surely differs from 
the historical reality of Gothic architecture as we conceive it today. Among his important 
findings, from the great Gothic cathedrals and castles, and what became essential to modern 
architecture and construction, were the principle ofthe independence of single construction 
members, and the distinction between structural and non-structural elements of a building 
(Viollet-le-Duc 1844-47; Viollet-le-Duc [1859] 1875). Emblematic is his attempt to trans- 
late the typical use of stonework elements in Gothic architecture into the integration of 
structural elements in cast iron — the industrial building material and innovation par excellence 
in his time (Viollet-le-Duc 186372, pl. 21, 22).' Viollet's work had great impact also due to 
the outstanding didactic quality of the illustrations in his publications. The ideas and con- 
cepts he formulated built on the base laid by earlier scholars, most of whom also were both 
practicing architects and scientists dedicated to understanding historical construction. 

The most influential book on construction in Europe during the 19th century was the 
great treatise L'Art de Bátir by Jean Baptiste Rondelet, first published in Paris 1802, which 
circulated widely throughout Europe in the 5th edition (1812-14), as well as the 6th edition 
(1830-32) and its several reprints. Its two luxurious volumes of engravings in folio royal 
format were available separate from the text (the copper plates were re-created at least twice), 
and the five text volumes were translated into several languages. Beyond its immense direct 
impact, this book also strongly influenced all later European treatises on construction, 
where copies or adaptations of the drawings and text reappear, and where often even the 
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structure of the contents was more or less directly adopted. This “theoretical-practical” 
treatise fully exposes the concept of connecting construction history with descriptions of 
innovative building techniques. 

Rondelet, whom we can consider a pure classicist, expressed his dislike of the Gothic 
style of architecture. However, he also recognized the outstanding structural qualities ofthe 
high naves of Gothic cathedrals, with their slender pillars and wide-span vaulted ceilings. 
The treatise contains data about the dimensions of the great Gothic cathedrals and also a 
description of the design principles of Gothic vaults, which reveals his full understanding 
of their geometric characteristics and significantly influenced the course of research on 
medieval architecture (Huerta 2016). In his mechanical theory of vaults, the outstanding 
advantages of the pointed arch with respect to stability, and presumed absence of horizontal 
thrust, are described. 

The German edition of Rondelet's treatise (Rondelet and Distelbarth 1833-36) was pro- 
moted by Georg Moller (1784-1852), architect to the Grand Duke of Hessen-Darmstadt. 
Unlike Rondelet, Moller was a fervent partisan of Gothic architecture? — who, however, in 
his architectural work never used the Gothic style, but rather rigorously neoclassic lan- 
guage to which he adapted, as he emphatically states in his writings, Gothic construction. In 
particular, in a series of illustrated leaflets on construction (Moller 1832-44) that he consid- 
ered a supplement to Rondelet's treatise dedicated to the special interests of German read- 
ers, Moller formulated his structural ideal of “network construction” made of slender ele- 
ments systematically connected in lightweight structures. He compared this idea with the 
structure of a spire of grass consisting of thin members and stiffening nodes, and also ex- 
plicitly with Gothic structure. This was illustrated by structures designed by Moller him- 
self, the first being a dome of wooden boards over a Pantheon-like church at Darmstadt, 
created using the system described by the Renaissance architect Philibert de l"'Orme, which 
was much discussed in Paris since the 18th century. This was familiar to Moller through the 
first dome structure of the Halle au Blé in Paris. The second was the iron structure of a cu- 
pola roof on the Cathedral of Mainz, modelled on the second roof of the Halle au Blé (the 
first one was destroyed by fire), but with an improved structural concept and with a shape 
that resembled a pointed arch, hence, one of the rare formal references to Gothic in Moller”s 
architectural work. Moller makes clear that in buildings of any architectural language 
“Gothic construction” can be used, which means for him the ideal of a well-designed and 
efficient structure. 

Moller also refers to the importance of masonry vaults as the only reliable solution for 
fireproof ceilings. As their main disadvantage is horizontal thrust, requiring massive and 
therefore costly walls and pillars to resist, Moller proposes solutions for reducing the thrust 
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of the vaults, or even avoiding it altogether, which, as he supposes, can be obtained through 
appropriate construction details. One solution he proposes for barrel vaults is the use of a 
masonry texture with transverse courses, which he adopts from Rondelet. The other is ex- 
emplified by a project Moller designed, the civic theatre in Mainz, where the stair towers 
were covered with spherical vaults in masonry, in order to provide fireproof ceilings. The 
lower half of these vaults was built as massive solids with horizontal masonry courses, cre- 
ating an equilibrium between the outward thrust of the upper and the inward turning of the 
lower parts: this, as he writes, is supposed to eliminate the horizontal forces on the abut- 
ment. This idea, too, is based on Rondelet's theory of vaults. From the point of view of 
structural mechanics, these ideas are not correct; however, they were repeated in later trea- 
tises until the end of the 19th century, and they were widely adopted by architects for vault- 
ed structures. As we will see, in many cases they were essential to the structural concept 
even of prominent high or wide-spanned constructions. 

The vaulting technique described by Moller and in other central-European building trea- 
tises of the 19th century is based on the traditional technique of brick masonry. In these 
vaults, the bricks are laid in lime mortar and arranged perpendicular to the shell surface, 
creating shells with the thickness of a half-stone (equal to the width of the brick) or even of 
the full length of the brick. For lightweight shells, half-stone vaults were the most common 
solution: in early modern constructions of medium or wide spans, they were often rein- 
forced with stiffening ribs on the extrados. Medieval brick vaults usually had a thickness 
corresponding to the length of a brick (ca. 30 cm). To construct these vaults, a formwork 
made of wooden boards could be used. But they could also be built freehand, without using 
any formwork at all and supported only at the discontinuities of the vault surfaces by cen- 
tering (fig. 1). This was common practice in many regions of central Europe, but the knowl- 
edge was reintroduced in the 19th century through the technical descriptions in the building 
manuals, as we will see. 

The architects of the 19th century were also familiar with tile vaults, well-known through 
a publication by Félix Francois d”Espie that circulated for instance in Germany both in the 
French original (1754) and in translation (1760), and which was also received through 
Rondelet's adaptation. In building practice, however, despite their great potential for build- 
ing light-weight shells, they were adopted in new construction only in those regions where 
they had already been present in the building tradition and in historical constructions. This 
was not the case in Germany, but in Italy, in particular in the central area (Lazio) and in the 
northwest (Piemonte), they were adopted — as we will see in the context of the work of 
Alessandro Antonelli. 
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Figure 1. Large-scale experiment on the construction of a cross vault built without formwork, according 
the model of a late medieval vault: seminar at the TU Dresden, 2002 (Photo: Author, 2002). 


LASSAULX: GOTHIC VAULTS FOR NEW BUILDINGS 


The first detailed technical description of half-stone vaults built without formwork was 
published in 1829 by the German architect Johann Claudius von Lassaulx (fig. 2). It ap- 
peared in a new technical journal published in Berlin (Journal fir die Baukunst) and was 
soon translated into French and English (1831). Beyond the direct circulation of this jour- 
nal, it had great influence through other technical literature: descriptions of vault construc- 
tion in building manuals of the following decades were essentially based on this essay 
(Wendland 2008). The publication explicitly aimed to reproduce medieval architecture 
through the recovery of the technique of Gothic construction, emphasising its feasibility 
and usefulness for new buildings. 

Lassaulx (1781-1848), who lived in Koblenz and worked there as an inspector for the 
Prussian building authority, was engaged as an inventor and architect, and was particularly 
active in research on medieval architecture. Along with Moller, he must be considered one 
of the pioneers in the validation, documentation and restoration of medieval architecture, 
and also in the creation of new buildings based upon models of medieval construction. He 
was one of the pioneers of the Gothic Revival on the Continent. He was also one of the 
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greatest proponents of this movement through his widespread network of intellectual con- 
tacts in Germany, England and France: these included, for instance, William Whewell and 
Robert Willis, who were at the forefront of scientific research on medieval architecture, and 
Adolphe Napoléon Didron and Arcisse de Caumont from the archaeological movement in 
France. In Germany, to mention only a few, he was in close contact with Sulpiz Boisserée 
who was engaged in the recovery of the fine arts of the Middle Ages and promoted the res- 
toration and completion of the Cathedral of Cologne, as well as with the afore mentioned 
Georg Moller and Karl Friedrich Schinkel, architect to the King of Prussia. 

In the years 182431, Lassaulx built the new parish church of Treis (figs. 3-4), located 
near Koblenz on the Mosel river. This and Schinkel's Friedrichwerdersche Kirche in Berlin, 
built in the same years, were the first neo-Gothic churches on the Continent. Lassaulx's 
project drew on his profound understanding of the design principles of medieval architec- 
ture — based on his own ground-breaking research in this field. Here he addressed the cen- 
tral issue of Gothic structure: the construction of the vaulted ceilings. Hence, this church 
project could serve as a model for the feasibility of new construction in a medieval form, 
where solutions for all constructional issues for building churches in a Gothic style were 
put into practice — and where the outstanding qualities of Gothic construction were demon- 
strated, which, according to Lassaulx, were of greatest interest for contemporary building. 

Underlining this intent, Lassaulx published lithographs and several journal articles ex- 
plaining the main aspects of the construction of this building — including the essay men- 
tioned above (Lassaulx 1829) with a technical description of the construction of the vaults. 
In the essay, Lassaulx describes how he discovered the building technique by observing 
medieval structures, starting from basic considerations of the geometric concept of Gothic 
vaults: 1t is not based on surfaces of elementary geometric solids, but on defining all arches 
of the vault, including the cross rib or groins, by simple circle segments in vertical planes. 
In consequence, the surfaces of the shells must adapt to these elementary curves. On these 
surfaces, Lassaulx observed the pronounced double curvature together with the fact that the 
brick courses of the vault masonry are curved as arches. This is the starting point from 
which Lassaulx describes the construction principle of freehand vaulting with self-support- 
ing masonry courses with the clarity of a patent specification: only the arches — in the case 
of a Gothic rib vault, the transverse ribs, wall ribs and cross ribs — are supported by center- 
ing. The units of the shell masonry are laid in courses spanning from one centering to the 
other with such curvature to form arches that are stable in themselves (fig. 2). Therefore, 
the single blocks are initially held in place by the adhesion of the fresh mortar until the 
course is closed and becomes selfsupporting; after that, the blocks of the next course can 
be safely laid on top of it. 
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Figure 2. Illustrations in Lassaulx's essay on vault construction (1829); left: Cross vaults with the 
alternatives of straight and arched masonry courses; centre: Top view of the masonry texture with 
horizontal or tilted plane bed joints; right: Transverse section showing the curved ridges due to the 
double curvature of the shells. 


Figure 3. Treis parish church built by Lassaulx, 1824-31 (Photo: Author). 
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Figure 4. Vaults in the nave of the neo-Gothic church of Treis, built by Lassaulx, 1824-31. The 
masonry texture with the selfsupporting courses is visible through the colour changes in the 
rendering (Photo: Author, 2001). 


The curvature that allows the single masonry courses to work as arches, thereby stabiliz- 
ing each new course as soon as it is closed, is obtained through the double curvature of the 
vault surfaces between the arches (fig. 2, nos. 34). Alternatively, this curvature of the 
courses can be accentuated by arranging the bed joints on planes that are tilted inwards 
(fig. 2, no. 5): in this way, the possibility of freehand vaulting is enhanced in cases where 
the rise of the shell is less pronounced, like in Romanesque vaults, or where the shells have 
only two-dimensional curvature like in cylindrical surfaces. The shape of the vault surface 
in the cross vaults as described, in any case, is not determined by the design but results from 
the inherent geometric rules of the self-supporting masonry texture: this can be seen very 
clearly in the vaults realized by Lassaulx himself (fig. 5). 

The vaults in the church of Treis (fig. 4) are built with masonry made of serial blocks cut 
from pumice — a light volcanic material chosen to reduce horizontal thrust. Surveys and 
geometric analyses carried out on the building demonstrate the close correlation between 
the vaults as they were actually built with this description (Wendland 2003; Wendland 
2008, 158-167). The major church projects realized by Lassaulx in the following years (fig. 6) 
were more oriented to an interpretation of the Romanesque style, with groin vaults that 
demonstrate the great versatility ofthe vaulting system — even more economical than the rib 
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Figure 5. Extrados of the vault in the church of Treis. The shape of the shell with the pronounced 
curvature is not geometrically defined, but the result of the self-formation processes determined by 
the inherent rules of the masonry compound and the procedure of freehand vaulting (Photo: Author). 


vaults because no stonework was needed. In fact, Lassaulx underlined that these vaults 
were suitable for any architectural form and that they had outstanding structural qualities 
while being perfectly reasonable in terms of material cost and labour effort. 

The church project at Treis can also be understood as a model for the completion of 
Cologne Cathedral, for which a way to complete this major Gothic cathedral was desper- 
ately sought, and where the impact of Lassaulx”s solution for the vaults has been docu- 
mented (Schumacher 1993) and also is clearly visible (Wendland 2008, 167-168). Only the 
13th century choir of the cathedral had been completed in the Middle Ages, while the rest 
remained unfinished. At the beginning of the 19th century, it was still a fragment; but later, 
after liberation from the Napoleonic occupation, the restoration and completion ofthe huge 
cathedral were pursued as a national enterprise. A key issue for building the nave was the 
recreation of Gothic vault construction. The solution finally adopted for the vaults of the 
aisles (1843-46) as well as for the high vaults (starting in 1862) was based on the technique 
Lassaulx had demonstrated in Treis: using block masonry with self-supporting courses. The 
masonrty pattern with horizontal bed joints and pronounced curvature of the vaults, built of 
volcanic stone blocks, are very similar to those of the vaults in Treis (fig. 7). 
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Figure 6. Interior of the parish church of Gúls, Koblenz, built by Lassaulx, 1833-40 (Photo: M. J. 
Ventas Sierra). 


Figure 7. Cologne Cathedral, vault in the southwestern tower, built in the 19th century according to 
the model of Lassaulx”s neo-Gothic vaults in Treis (Photo: Author). 
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As mentioned, Lassaulx”s essay had a significant influence on technical literature 
(Wendland 2008, 84-95). It is reasonable to suppose that Viollet-le-Duc”s description of the 
principle of self-supporting courses in vault masonry was due to Lassaulx. Further, Lassaulx 
is directly cited in the seminal essay on the geometric concept and construction of Gothic 
vaults by Robert Willis (1842), which again had considerable influence upon the descrip- 
tion of vault construction in the technical literature. 

Very obvious is the impact of Lassaulx”s essay on another book on construction that be- 
came very popular in the second half of the 19th century: Allgemeine Bau-Constructions- 
Lehre by Gustav Adolf Breymann (1849), who was the first professor of building construc- 
tion at the polytechnic school of Stuttgart (Germany). This book is dedicated solely to 
construction issues and consists of only three volumes, the first of which is on stone con- 
structions. This was intended to be much more affordable than Rondelet's treatise: 1t circu- 
lated in Germany in several revised and augmented editions until the early 20th century 
(Breymann and Warth 1903), as well as in various translations. The chapter on vaults fo- 
cuses on halfstone vaults in brick, explaining their freehand construction with self=sup- 
porting courses as Lassaulx had described them. A fine example of the implementation of 
vaults in industrial construction is shown in the revised edition of 1868 by Heinrich Lang: a 
light and rather flat cross vault for a ceiling in a sugar factory, which was built very eco- 
nomically freehand over single centring arches (fig. 8). 

The advantages of the masonry pattern of courses arranged in perpendicular planes with 
respect to the cross arches (that therefore appear diagonal in plan) for freehand construction 
was already mentioned in the earlier construction manual by David Gilly (first ed. 1797), 
although the building procedure was not explained at all. This was Lassaulx”s decisive con- 
tribution: emphasizing the curvature of the shells in order to obtain the arch-like shape in 
horizontal courses and the possibility of tilting the planes of the bed joints perpendicular to 
the diagonal arches of the cross vaults. This solution, in fact, is described as the standard 
case in Breymann's manual: the diagonal beds in the vault masonry greatly facilitate the 
curvature within the courses. Especially in surbased cross vaults, this is the only way to 
obtain a self-supporting masonry texture that can be built freehand. A pronounced double 
curvature of the shell surface is not necessary in this case. Also, barrel vaults could be eas- 
1ly built this way. 

In Georg Gottlob Ungewitter”s Lehrbuch der gothischen Constructionen (1859-64), 
the influence of Lassaulx”s description of vault construction is also evident (Wendland 
2008, 173-180). The book, which according to the title is supposed to “teach Gothic con- 
struction,” was in reality a comprehensive manual on construction based on medieval 


architecture. As such, 1t was meant for general practical use: once more, the rediscovery 
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Figure 8. Illustration in Breymann's construction manual showing the construction of a surbased 
cross vault in Wagháusel near Karlsruhe. Due to the arrangement of the masonry pattern, centring 
was needed only under the boundary and cross arches, and the shell was built freehand (Breymann 
and Lang, pl 52, 1868). 


of medieval construction was considered an essential source for contemporary building 
and even for innovative construction solutions. This publication was also very successful 
in a reprint edition and appeared again in 1890 in a revised and considerably enlarged 
edition by Klaus Mohrmann. Moreover, the drawings and texts were integrated into the 
later editions of Breymann”s manual as well as into many other publications dedicated to 
construction. 

The description of the construction of the vaults focuses on brick masonry shells and 
emphasizes their freehand construction with self-supporting courses. For the masonry 
texture, the solution with courses perpendicular to the cross ribs is preferred (fig. 9), 
which has the advantage of obtaining a pronounced curvature within the courses that 
stabilizes them during construction. As Ungewitter points out, the execution can be easily 
carried out by the bricklayers without any technical drawings. Nevertheless, he proposes 
a geometric description of the masonry texture, which turns out to be problematic (Wendland 
2008, 175-178). 
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Figure 9. Ilustration in Ungewitter's manual of Gothic construction explaining the construction of 
a cross vault in brick masonry (Ungewitter, 1859-64, pl 8, det.). 


As mentioned, the architectural design of the church of Treis and its vaults is based on 
profound scientific studies of medieval architecture. In fact, apart from his architectural 
practice, Lassaulx was well-known for his research on Gothic design rules, and he was one 
of the first to study the architectural treatises of the late Gothic, of which the design of the 
church in Treis can be considered a valid interpretation (Wendland 2008, 116-129). In 
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remarkable contrast, the structural concept is not developed on the same basis, but is rigor- 
ously contemporary, essentially founded on Rondelet's Art de Bátir, as Lassaulx himself 
wrote on several occasions. Rondelet's theory of the mechanics of vaults is dangerously 
wrong from the perspective of modern structural knowledge, and it likewise did not align 
with the contemporary state of knowledge in civil engineering. But it was very popular 
among architects and was widely used also for the structural design of wide-span and high- 
rise vaulted structures, such as the new nave of Cologne Cathedral. Regarding Lassaulx, 
this contrast with the mathematically based structural theory 1s remarkable because from 
his writings, we know that he was well aware of the work of contemporary engineers like, 
in particular, Isambard K. Brunel. 


ANTONELLI?S VAULTED SKELETON STRUCTURES IN MASONRY 


Another great builder of light and wide-span brick vaults, on a much larger scale, was 
Alessandro Antonelli (1798-1888), who also combined ancient construction with the tech- 
nique of the industrial age. Antonelli, who lived in Turin and whose architectural oeuvre is 
spread over the region of Piemonte in the northwest of Italy, has much in common with his 
elder colleague Lassaulx (whom he never met). These include his independence from the 
architectural training of the day: his main connection to architectural discourse was inten- 
sive reading of French treatises, especially Rondelet. Further, he likewise sought economi- 
cal, effective and innovative structural solutions, based on a profound analysis of historical 
structure that he combined nonchalantly and even fearlessly with modern technology. In 
particular, he had a great passion for vaults and for intricate stair constructions. 

His most outstanding architectural works are the Mole Antonelliana in Turin (completed 
1889), still today the highest masonry structure in Europe — initially supposed to become 
the main synagogue of Turin, at that time the Italian capital, but then repurposed several 
times — and another breathtakingly high and slender dome on the church of San Gaudenzio 
in Novara (completed 1878). Further, he built several churches, theatres, hospitals and nu- 
merous residential buildings. All of them were masonry structures built in a construction 
system that Antonelli developed, which combined skeletons of slender pillars with mem- 
brane-like, thin brick walls and vaulted ceilings. The system yielded structures that were 
extremely light, with iron elements that took all horizontal forces, and were comparable to 
wood or iron structures in their slenderness but had the durability and fire resistance of tra- 
ditional masonry structures. Other advantages of the use of masonry, according to Antonelli, 
were the local availability of brick, stone and mortar, while iron was very expensive, and 
the presence of skilled workers who were perfectly accustomed to bricklaying. 
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Figure 10. Mole Antonelliana, Turin, completed 1889 (Photo: Author). 
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Antonelli could literally build on a rich tradition of construction in the region, where 
masonry had been used for arduous vaults, including in Baroque architecture, like those 
designed by Guarino Guarini and his followers. This tradition also included lightweight 
shell structures for ceilings built with flat bricks: as mentioned, in Italy tile vaults were widely 
used in the building tradition of Lazio and Piemonte for the construction of ceilings in resi- 
dential buildings. However, in his texts, with reference to traditional or historical architecture, 
Antonelli never mentions Baroque, or Gothic, but only that of Roman antiquity. The remains 
of brick walls from the Roman empire demonstrated the outstanding durability and robustness 
of this building material and also the effectiveness of many construction details. Antonelli 
derived from them, for instance, the horizontal reinforcements he calls “legati” and the flat 
arches, “piattabande” (f1g. 11). But he obviously learned from historical structures of all peri- 
ods: for example, many features of the masonry vault of the Mole Antonelliana were based on 
the construction of Brunelleschi”s dome of Santa Maria del Fiore. 

One of the first residential buildings where he fully developed his system of skeleton 
construction is the Palace of Count Callori in Turin, built in 1847 (Rosso 1989, 180): the 
three-storey building is made of slender piers on a square grid, leaving the external walls as 


Figure 11. Callori palace, Turin, 1847, by A. Antonelli. Detail of the horizontal skeleton elements 
constructed as flat arches (“piattabanda”) (Photo: Author, 1993). 
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thin diaphragms or, on the rear side, completely open. Antonelli uses the term “fulcri,” 
which is alien to building terminology: it originates from machine construction and can be 
translated as “pivots.” The piers are built in brick masonry reinforced with horizontal stone 
slabs inserted at regular intervals, while the horizontal elements of the structure are realized 
as flat arches built of bricks (fig. 11); due to the iron anchors on their intrados, they can also 
be considered as beams in reinforced brick masonry. A much larger building with a similar 
structure, completed in 1853, is the so-called “Casa delle Colonne” in Turin (Rosso 1989, 
188), which has five storeys and where the skeleton structure is also very clearly exposed in 
the design of the facade (fig. 12). 

The ceilings in these buildings, like in all similar structures designed by Antonelli, are 
very flat brick vaults, creating fireproof structures (fig. 13). These vaults are developed on 
the model of cross vault with masonry courses running perpendicular to the diagonal groins 
— a pattern that was well-known through Breymann's manual (see above, fig. 8), but was 
also common practice in traditional vaulting in northern Italy.? 

Antonelli further developed these flat vaulted ceilings by applying a different masonry 
pattern, with courses running in convex curves around the pillars and directing perpendicular 


Figure 12. Casa delle Colonne, Turin, 1853, by A. Antonelli. The entire building was designed as a 
skeleton structure completely built in masonry (Photo: Author). 
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Figure 14. Turin, vaulted ceiling with a variant of the masonry texture invented by Antonelli (Photo: 
Author, 1993). 


Brick Vaults by J. C. von Lassaulx and A. Antonelli 51 


A y EA IP RRA 


Figure 15. Detail of the masonry pattern, with courses running around the main pier (Photo: 
Author, 1993). 


to the boundaries of the square or rectangular bays (figs. 14-15). It is not clear how the 
bricklaying was carried out: probably four diagonal centerings would not be sufficient and 
additional single centering arches were needed, which nevertheless was much more eco- 
nomical than building on a full formwork. The result is a more organic connection between 
the pillars and the shell, integrating the grid system into the masonry texture of the vault 
itself, and creating continuously undulating shell surfaces between the pillars. 

The domes of the church of San Gaudenzio in Novara and the Mole Antonelliana in 
Turin are also conceived as skeleton structures: as systems of slender load-bearing piers 
and ribs, with diaphragms in between. In both structures, the piers are in some places tilted 
according to the building shape or according to the flow of forces, which was determined 
with great expertise (Trautz and Tomlow 1994). They are connected by reinforced flat arch- 
es like those mentioned above or by slender parabolic arches. Iron anchors, which had been 
used also in historical wide-span vaults and cupolas, are employed very systematically, 
forming a hybrid structure. Beyond that, especially in the structure of the cupola of San 
Gaudenzio, a stiffening system between the piers is provided by means of ring beams (arch- 
es with external iron bracing) with thin masonry shells (fig. 19). 
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Figure 16. Cupola of San Gaudenzio, Novara: skeleton structure above the inner dome (right), 
comnected by radial rampant arches (Photo: Author, 1993). 


The principal source for the design of this cupola is the dome of Ste-Genevieve in Paris, 
the construction of which was the major architectural work of Rondelet,* author of the trea- 
tise mentioned above: here, the pattern of the triple-dome* consisting of an inner dome with 
a large opaion, a second dome that serves as artificial sky, and a third external cupola, was 
realized entirely in masonry. Accordingly, San Gaudenzio has a vertical sequence of sev- 
eral masonry domes, which is stretched to a tremendous height and at the same time devel- 
oped as a remarkable lightweight structure upon the existing church. The project also shows 
the influence of the cupola of Saint Isaac”s Cathedral in Saint Petersburg, an iron construc- 
tion designed as a skeleton with light masonry membranes: this design was disseminated 
through a publication with rich illustrations issued in 1845 by its author, the French archi- 
tect A. Ricard de Montferrand. 

In San Gaudenzio, the wide oculus of the inner dome opens to the second dome that is 
illuminated through the large windows of a second storey in the external tambour, and that 
has again a round opening in the zenith. From the inside, originally, 1t was possible to look 
up to the very top of the structure into the pinnacle of the lantern tower. Standing on the 
springing of the inner dome, in the vast space formed by the outer cupola, a cone of tilted 
piers carries the lantern tower that Antonelli develops into a slender, multi-storey peak. 
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Figure 17. Cupola of San Gaudenzio, Novara: thin masonry shell between the rampant arches shown 
in fig. 16 (Photos: Author, 1993). 


Figure 18. Cupola of San Gaudenzio, Novara: thin masonry shell stiffening the skeleton of piers 
around the intermediate dome (Photo: Author, 1993). 
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Figure 19. Cupola of San Gaudenzio, Novara: timbrel shells in the conical system of piers that carry 
the lantern (Photo: Author, 1993). 


Within this structure of concentric rings of slender piers, an inverted cone of rampant arch- 
es and thin masonry shells stiffens the outer tambour against the oculus of the inner dome 
(fig. 16). Within the conical skeleton above the second dome, several thin masonry shells 
are spanned like membranes (figs. 17-18) — here, the comparison with the stiffening nodes 
in a blade of grass is really appropriate. Further, around the springing of the outer dome the 
tambour is stiffened by flat, radial barrel vaults. All these thin shells, which obviously are 
supposed to have a stiffening function, are built with flat bricks, creating an extremely 
light-weight and efficient spatial structure. 

One interesting detail is the transition where the top of the bundle of tilted piers connects 
with a hollow shaft of masonry that constitutes the spine of the pinnacle (fig. 20). This por- 
tion has the appearance of a tube with perforations, showing a close conceptual association 
with iron structures (cf. Rosso 1989, 86). 
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Figure 20. Cupola of San Gaudenzio, Novara: detail of the “funnel” connecting the masonry 
construction supporting the lantern and the central tube of the lantern itself. The concrete jacketing 
of some piers was added in a later intervention (Photo: Author, 1993). 


Itis obvious from many construction details in San Gaudenzio, and the Mole Antonelliana, 
that Antonelli shared and systematically implemented Rondelet's structural theory of vaults. 
On this basis Antonelli designed both structures as thrust-free vaulted structures. Many of 
the documented decisions in the design process, such as the increased rise and therefore 
total height, are explicitly justified by this aim. However, in developing the design of the 
cupola, which is well documented through drawings (Rosso 1989), it could be shown that 
he gradually emancipated himself from this theory and developed a more realistic idea of 
the spatial load-bearing behaviour, which was perhaps also based on the use of hanging 
models (Trautz and Tomlow 1994). 

How can it be that such outstanding experts in structural matters like Johann Claudius 
von Lassaulx and Alessandro Antonelli resorted to the problematic formulae disseminated 
through Rondelet's treatise, instead of implementing the mathematically-based theory of 
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arches and vaults, and the concepts developed by the mathematicians and civil engineers of 
their time? One possible answer is that the latter did not provide models applicable to com- 
plex spatial vaulted structures. In fact, the mechanical theories of arches were limited to the 
problems of plane arches, describing the equilibrium in regard to the loading, the thickness 
of the arch and the strength of the abutments. Equally, the known hanging models for simu- 
lating equilibrium in vaulted structures — like the ones used by Heinrich Hiibsch, of which 
Lassaulx must have been aware — are two-dimensional, even if, like in the famous case of 
Giovanni Poleni's study on the dome of Saint Peter”s, they describe three-dimensional 
structures. Only one generation after Antonelli, Antoni Gaudí would develop his famous 
three-dimensional hanging model (Tomlow 1989). Hence, with the available theories of 
their time that are valid from the point of view of modern structural knowledge, not even 
the cross vaults could be described in their load-bearing behaviour. In reality, architects like 
Lassaulx, who had to figure out how Gothic vaults could be made stable, as well as the de- 
signers of the new nave of Cologne Cathedral with its high and wide-spanned vaults, had 
no other option at hand than to carefully read Rondelet's treatise. The same is true for 
Antonelli when, during the construction of the Mole, he had to struggle with civil engineers 
who claimed that the structure was not safe according to the theory of arches. They were 
right — and they were also very wrong: Antonelli knew better because he understood that 
the performance of his vaulted structure was not two-dimensional but three-dimensional, 
which could be confirmed by modern analyses (V. Nascé in Rosso 1989, 125-143). Rondelet's 
theory, as problematic as it may be, also has the quality of conceiving the mechanics of 
vaults in three dimensions — for instance, where the kinematics of a spherical dome is de- 
scribed by means of physical models. 

Finally, another reason for using Rondelet instead of the contemporary theory of me- 
chanics could be that Rondelet's theory, although claiming to be based on modern sciences 
and on strict arithmetical calculation, at least to some extent seems to be a traditional theory 
that is rooted in medieval mechanical concepts (Wendland 2019, 261-275). Hence, the ad- 
aptation of a historical building technique perhaps comes with the adaptation of the associ- 
ated historical concepts about mechanics. It must be emphasized that ignorance is not at all 
involved here: the profound understanding of the most complex structural issues, in the 
case of both architects, is beyond question. And, as we also have seen, both were well 
aware of and very well informed about the latest achievements in civil engineering of their 
times, respectively. In fact, valid, scientifically-based descriptive models for the mechanics 
of vaults and shells were established only in the second half of the 20th century. 

For posterity, Lassaulx has determined the contents of technical literature on vault con- 
struction, and he was ground-breaking in formulating the construction process. Antonelli 
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also left drawings and written descriptions of his designs but did not contribute to the tech- 
nical literature: he exercised major influence through his structures. For instance, the mod- 
ern architect Carlo Mollino was fascinated by the system of membrane vaults in the inner 
structure of the cupola of San Gaudenzio (fig. 19). And the Mole Antonelliana is not only 
an undisputed landmark in the skyline of Turin; the unique concept of a cupola on a square 
base on the grand synagogue in Rome (1901-04) is most likely due to the Mole. The great 
merit of this architect still remains to be appreciated, beyond the specialists who study in- 
novative construction of the 19th century. 

The Mole Antonelliana was finished in 1889, surpassing in its height of 168 m the neo- 
Gothic towers of Ulm Minster and Cologne Cathedral. But just some months later, the Tour 
Eiffel was completed: iron rapidly came to dominate in the construction of high-rise or 
wide-span structures. Nevertheless, vaults and shells in brick masonry would continue to 
play a significant role for their great potential well into the 20th century: derived from a 
long building tradition, but at the same time subject to innovation and designed in perfect 
integration with modern knowledge and technology. 


NOTES 


1. The use of columns in cast iron in buildings in neo-Gothic style had been promoted 
previously by J. C. von Lassaulx, e.g. in church projects for Stolzenfels and Treis, ca. 1820. 
This architect used many cast iron elements in neo-Gothic designs, such as the organ prospect 
and handrail in Treis, giving evidence of the compatibility of iron elements with Gothic 
architecture. A prominent example of architecture of Gothic inspiration in cast iron is the Sayner 
Hitte near Koblenz, 1828-30. 


2. As a student, Moller was fascinated by the Gothic cathedral in Strasbourg, of which he made 
a drawing after 1808 (Hessisches Landesmuseum Darmstadt). Moller also collaborated in the 
surveys of Cologne Cathedral for the publication by Sulpiz Boisserée promoting the 
continuation of the construction; it was he who discovered the first half of the medieval 
drawing of the fagade (“Plan F”), which was an essential input for completing the project. He 
published an engraving showing the complete original facade. 


3. A fine example is the cross vaults in the cloister of the cathedral in Novara (Wendland 
2008, 33). 


4. The church was initially designed by Jacques-Germain Soufflot and concluded by Jean- 
Baptiste Rondelet, who also designed the masonry structure of the dome. On the structure, its 
design and behaviour cf. Trautz (1998). 


5. The scheme of the triple dome was developed in the 17th century by Francois Mansart for 
the royal mausoleum in Saint-Denis and then realized by Jules Hardouin-Mansart in the Dóme 
des Invalides. It was also the basis of Christopher Wren's dome of St. Paul's Cathedral. In 
these two cases the outer cupola is a timber construction, while in Ste-Geneviéve it is a 
masontry shell. 
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Vaults and Roofs in Belgian Churches (1890-1910s): 
Pointed Barrel Vaults with Metal Arches and 
Their Interaction with Roof Trusses 


Romain Wibaut 


This chapter focuses on churches, a building type in which technological milestones of 
vault construction are represented. Yet, in Belgium, little attention has been given to the in- 
novative materials and techniques used in the construction of churches from the 19th and 
20th centuries, which hinders the recognition of their historical value.' This observation 
prompted a comprehensive study of Belgian church roof trusses, the subject of a doctoral 
dissertation research (2016-21), which developed new insights into historical contexts, 
architectural considerations, building actors and construction techniques. The focus was 
church roofs built in Belgium from the independence of the country in 1830 up to the Sec- 
ond World War (Wibaut 2018, 2019). When assessing church roof structures, fieldwork is 
of utmost importance as it provides information that cannot be found in historical sources 
and literature. In the framework of this research, we therefore climbed above the vaults to 
survey roof frames. It rapidly became clear that vaults and roof trusses cannot be studied 
separately as the design of one often influenced the design and/or construction of the other. 

In church design, there is a clear relation between the position of the vault and the geom- 
etry of the truss that covers the vault. The vault can be covered with a simple timber truss in 
which the two principal rafters are connected with a horizontal tie-beam. In this case, the 
vault is lowered and positioned under the tie-beam of the roof structure, i.e. under the base 
of the triangle formed by the two sides of the roof (fig. 1, A). This layout resulted in the 
creation of a large, unused roof void. To reduce this unused volume and the associated con- 
struction costs, the summit of the vault could be raised above the tops of the lateral walls 
and thereby penetrate the roof void. This led to a structural problem because, in this situa- 
tion, a continuous tie-beam could not be placed between the two lateral walls to counteract 
the outward thrust of the principal rafters as well as of the traditional masonry vaults, which 
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Figure 1. Various structural solutions were developed to replace the action of the tie-beam, so that 
vaults could enter the roof void. A. Large unused roof void with vault placed under the tie-beam of 
the timber king-post truss. B. Timber king-post truss with raised tie-beam and scissor braces. C. 
Timber king-post truss with raised tie-beam and trussed rafters. D. Metal roof frame that integrates 
the arch of the barrel vault (Drawings: Author, 2021). 


could cause the lateral walls to spread apart. Various structural solutions were then devel- 
oped. To replace the action of the tie-beam while allowing the vaults to enter the roof void, 
timber trusses with a raised tie-beam, scissor braces or trussed rafters were used (fig.1, B 
and C). Another solution was to build vaults with less thrust. In 19th-century Belgium, 
vaults of small rural churches were mainly made of timber laths and plaster, while the more 
prestigious urban churches were still receiving brick or stone vaults. In the late 19th centu- 
ry, the rise of prefabricated metal construction, on the one hand, and changing architectural 
style, on the other hand, made it possible to solve this problem in a different and much more 
rational way. Wrought iron and later steel were used in prefabricated roof structures that 
integrated the arches of pointed barrel vaults (fig. 1, D). The latter forms the topic of this 
chapter. 

Based on on-site investigations, in-depth literature study and archival research, this 
chapter presents how and why the evolution of building techniques and architectural con- 
siderations fostered the development of an alternative vaulting system in Belgian churches 
in the years 1890s-1910s. It aims to trace the development of pointed barrel vaults with 


metal arches and their interaction with roof trusses.? 


INGENIOUS GOTHIC REVIVAL: ARCHAEOLOGICAL AND RATIONAL 


In the 19th century, Belgium faced an extraordinary demographic, industrial and economic 
development that made it one of the most prosperous nations in the world. This was accom- 
panied by a Catholic revival. Thus, religious architecture proliferated in the 19th century. 
Although at first the canons defended by the Academy of Fine Arts were followed, in the 
second half of the 19th century, the network of Saint Luke schools, founded in Ghent in 
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1862 by the ultramontane Catholic elite and friars ofthe Christian Schools, offered a Catholic 
alternative to the lay academies. They played an important role in the development of 
Christian art, and many Gothic Revival craftsmen, artists and architects of 19th- and 20th- 
century Belgium were trained at these schools (De Maeyer 1988a).* The ideology of Saint 
Luke referred to the artistic canons defended by the English architect Augustus Pugin 
(1812-52), who believed Medieval Gothic was the only appropriate style for Christian 
architecture. 

In the late 19th century, as the Church progressively turned towards the people, so 
did the Saint Luke Gothic Revival. The latter, which used to proclaim itself as an ex- 
clusively Christian art, also gained a national and social perspective. Moreover, after 
the death of Jean-Baptiste Bethune (1821-94), the creator of the Saint Luke Schools 
and guarantor of its conservative Catholic dogma, the Saint Luke Movement gradually 
opened to modernity (De Maeyer 1988b, 107-123). Saint Luke architects no longer 
rejected the use of modern technology that were once associated with an industrial and 
liberal society. The modern use of iron was for instance gradually accepted, on the con- 
dition that it was used rationally. The technical knowledge of the engineers and the 
aesthetic knowledge of the architects had to be mutually supportive (De Keyser, De 
Maeyer and Verpoest 1997, 77-90). 

This openness was notably influenced by the theories of the French architect Eugeéne- 
Emmanuel Viollet-le-Duc (1814-79). His Dictionnaire raisonné de | "Architecture francaise 
(1854-68) glorified the rationalism of Medieval Gothic building techniques and pro- 
vided useful models that strongly stimulated the evolution from purely archaeological 
to rational Gothic Revival. Moreover, in his Entretiens sur l'architecture (1863-72), 
Viollet-le-Duc advocated for the rational use of iron, for which the Gothic style was 
best suited.* To this end, he called on engineers and architects to grow together by pool- 
ing their technical and aesthetic knowledge. In Belgium, engineer Arthur Vierendeel 
(1852-1940) followed the same line of thought as Viollet-le-Duc. Vierendeel was con- 
vinced that metal architecture was in line with the Gothic ideals of the Middle Ages. In 
his own words: 


It is true that there are some architect-archaeologists who consider the introduction of metal 
in churches almost as a sacrilege. It is not in the Gothic traditions, they say. That is per- 
fectly true, but if it is not in the traditions, it is only because the Gothic people did not 
have the metal at their disposal, because metal is absolutely in the Gothic logic, and the 
Gothic people, those engineers of the Middle Ages, would certainly have used it enthusias- 


tically if the industry of the time could have supplied it.* (Vierendeel 1890, 65) 
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According to him, this would certainly be true for church vaults, as he added: 


Metal is also a very good material to use for the arches of Gothic vaults and its use is all 
the more rational because, by combining the transverse arch of the vault with the principal 
rafter of the roof, it is possible to create an equilibrated frame without the use of buttresses, 
abutments or ties. It should even be noted that as the tie-beam of the roof disappears, the 
vault of the nave can be raised and enter the roof void of the church, the volume of which 
can thus be used inside the nave.* (Vierendeel 1890, 66) 


To fill the spaces between two transverse arches, he advocated the use of vaults in rein- 
forced-cement (such as developed by Paul Cottancin) or hollow-core slabs in terra-cotta 
(Vierendeel 1890, 71). This construction system would ensure the equilibrium of the whole 
church while maximizing the width of the central nave and reducing the side aisles to a nar- 
row corridor (Vierendeel 1890, 64-66). 
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Figure 3. Left: Ss Anthony and Apollonia in Pepinster (1893-99) (Source: Royal Institute for 
Cultural Heritage, KIK-IRPA); right: St Remigius in Molenbeek-Saint-Jean (1907-08) (Source: 
Monuments dz Sites, Brussels). 


To generate such a “new architecture,” Vierendeel wrote that architects should master 
aesthetic considerations, material techniques and structural calculations. In the same vein 
as Viollet-le-Duc, Vierendeel argued for “the engineer to become an architect or the archi- 
tect to become an engineer” (Vierendeel 1890, 67). It becomes clear why it was the Catholic 
architectural engineers of the universities of Leuven and Ghent (Arthur Verhaegen, Joris 
Helleputte, Louis Cloquet and their students) who initiated a rational and ingenious Gothic 
Revival (De Keyser, De Maeyer and Verpoest 1997, 82-90). Although in 1884 the curricu- 
lum already included a course entitled “The use of iron in large buildings” (L 'emploi du fer 
dans les grands édifices), 1t was not until the death of Bethune in 1894 that the works of 
Viollet-le-Duc and Vierendeel were added to the libraries of the Saint Luke schools (De 
Keyser, De Maeyer and Verpoest 1997, 79). The new Saint Luke generation was finally al- 
lowed to use modern techniques and industrial materials and to put into practice some of 
Vierendeel”s recommendations. 

Each of the three next sections of this chapter addresses one church in which these rec- 
ommendations were, in part, put into practice. These churches are Saint Francis de Sales in 
Liége (1892-94, fig. 2) by Joris Helleputte (1852-1925), Saints Anthony and Apollonia in 
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Figure 4. Wide single nave of St Francis de Sales in Liege (1888-94); the arcades of the second level 
were made of columns and arches in metal (Source: Royal Institute for Cultural Heritage, KIK-IRPA). 
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Pepinster (1893-99, fig. 3, left) by Clément Léonard (1864-1903) and Saint Remigius 
in Molenbeek-Saint-Jean (1907-08, fig. 3, right) by Guillaume Chrétien Veraart (1872— 
1951). It is worth noting that the steepness of the roofs of these three churches, which pitch 
at approximately 60 degrees, contributes to the Gothic slenderness of these buildings. In 
order to minimise the loss of space caused by the installation of a steep gable roof, the ar- 
chitects had to pay particular attention to the vaults and roof structure. 


SAINT FRANCIS DE SALES IN LIEGE (1889-94) 


Joris Helleputte (1852-1925) was an engineer who had been working as an architect and 
teaching at the Faculty of Engineering of the Catholic University of Leuven since 1874. He 
was a key figure in the after-1884 Saint Luke Movement. Fascinated by politics, Helleputte 
entered the Catholic party in 1889. Although he did not suddenly stop his career as an archi- 
tect, he gradually limited himself to preliminary designs and first sketches and delegated 
the practical development of his projects. He then collaborated with other Saint Luke archi- 
tects, like Stéphane Mortier (1857-1934), Pierre Langerock (1859-1923) and Clément 
Léonard (1864-1903). He became Minister of Public Works and Agriculture and vice- 
chairman of the Royal Commission for Monuments, which enabled him to promote the 
transition from archaeological to rational Saint Luke Gothic Revival (De Maeyer, Van Molle 
and Maes 1998). For him, Christian art had to be true, rational and freed from useless ar- 
chaeological copy of ornamentations. He was convinced that Pugin'”s principles could be 
combined with the principles of Viollet-le-Duc and Vierendeel (De Keyser, De Maeyer and 
Verpoest 1997, 85-89). 

These were the principles that he applied in his design for the church of the Saint John 
Berchmans orphanage in Liege (Laveu), which became the parish church of Saint Francis 
de Sales in 1910. Heavily damaged by the earthquake of November 1983 and not listed by 
the Royal Commission for Monuments and Sites, this rare Belgian church where metal sup- 
ported the Gothic Revival composition was demolished in 1988. 

The plans of Saint Francis de Sales were drawn by Helleputte between 1889 and 1892. It 
is therefore one of Helleputte”s last achievements and probably one of the masterpieces of 
Saint Luke Rational Gothic Revival, in which he implemented visible metal columns and 
vault ribs. To supervise the construction, which started in 1892, he asked his former student 
and collaborator Clément Léonard to take the lead. The works were entrusted to the general 
contractor Victor Ernotte from Liége (Fonck 1990, 10). 

The church consisted of a 36.5-meter-long and 14.5-meter-wide single nave with nine 
bays (fig. 4 and plate I). On each side of the nave, there were two levels of corridors 
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separated from the nave by arcades. The arcades of the first level were made of columns 
and arches in stones, while the arcades of the second level were made of columns and 
arches in metal (wrought iron or steel). The springing points of these arches (fig. 5 and 
plate II) were concealed by the capitals of the 11-meter-high columns, which were deco- 
rated with fantastic floral and animal motifs, reminiscent of the Medieval gargoyle ico- 
nography (fig. 5). Helleputte did not imitate Gothic stone columns with metal but created 
an original support whose dimensions were specific to the characteristics of the material. 
In 1883, at the award ceremony of the Saint Luke School in Tournai, while reviewing the 
principles taught during the year, he insisted on the link that should exist between how a 
material is used and its specific properties. He mentioned the possibility of using struc- 
tural iron for the visible elements: “That each member of the building, each object has the 
shape that suits it because of the materials of which it is made, and the function it ful- 
fills”” (Revue de 1'Art Chrétien 1883, 546). Moreover, at Saint Francis de Sales in Liége, 
to enhance the elegant form of the columns, Helleputte had them decorated with poly- 
chrome paintings and, such as advocated by Vierendeel, Helleputte used bolts, rivets, 
joint covers, etc. to decorate the visible parts of the metal structure (Vierendeel 1890, 66). 

The metal roof structure rested on these columns. It consisted of ten trusses placed 
every four meters, on top of each column. Each was delimited by two principal rafters 
that followed the slope of the roof and two half arches forming the pointed transverse 
arch of the vault. The truss was stiffened by various elements running from the principal 
rafter to the arch in a vertical plane. The arched bottom flanges of the ten trusses there- 
fore formed the ten transverse arches of the pointed barrel vaults. Longitudinal to the 
nave, slightly concave metal beams were placed between two successive arches, dividing 
the pointed barrel vault in ten parts. These parts, delimited by the longitudinal beams and 
the transverse arches, were then filled with bricks, forming thus small masonry vaults 
spanmning 4 x 2 m (fig. 6). The roof of the choir adopted the same structure but consisted 
of only three trusses.* The company of John Cockerill was entrusted with the fabrication 
of the metal structure (Fonck 1990, 10-11). As was common practice at the time, the 
metal roof frame was first erected in Seraing on property that probably belonged to 
the Cockerill company (fig. 7), after which it was dismantled, transported to the con- 
struction site in a small number of prefabricated parts and installed in its final location. 
The construction of the prefabricated parts was done by riveting the elements together in 
the factory, while the on-site assemblies of the several prefabricated parts were done with 
bolts and nuts. On-site assembly was scheduled for 19 August 1893, one year after 1t was 
ordered.? 
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Figure 5. The 11-meter-high columns were decorated with fantastic floral and animal motifs (Photo: 
Frangoise Fonck). 


Figure 6. Cross section through the metal roof frame by J. Helleputte, n.d.; the upper flange is the 
principal rafter on which rests the purlins; the bottom flange forms the pointed arch that supports 
the vaults (Helleputte 1286.1.21, University archives, KU Leuven). 


70 Romain Wibaut 


was erected by the Cockerill Company near their factory in Seraing (Source: Royal Institute for 
Cultural Heritage, KIK-IRPA). 
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SAINTS ANTHONY AND ÁPOLLONIA IN PEPINSTER (1893-99) 


Whiles he was supervising the construction of Saint Francis de Sales in Liege, architect 
Clément Léonard was commissioned to design the new Saints Anthony and Apollonia's 
church in Pepinster. Although from 1857 an enlargement and then replacement of the old 
church was considered, and over time various projects were discussed, none materialised 
before the nomination in 1891 of the new parish priest and archaeologist Sylvain Balau 
(1854-1915). To give the project a fresh impetus, Sylvain Balau surrounded himself with a 
committee of experts in Catholic arts, which included archaeologist canon Edmond Reusens 
(1831-1903), painter Jules Helbig (1821-1906) and Joris Hellputte (Vanderheyden 2011, 5). 
It was the latter who recommended that Balau entrust the design to architect Clément Léonard 
(Vanderheyden 2011, 5). 

Léonard studied architecture at the Saint Luke School in Ghent and at the Catholic 
University of Leuven, where he attended the classes of Joris Helleputte. He became a col- 
laborator with Helleputte and an important representative of the Rational Saint Luke 
Gothic Revival, notably thanks to his churches, archaeologically based on the primary 
Gothic style of the Meuse basin, upgraded with innovative vaults in terra-cotta. Besides 
Saints Anthony and Apollonia (fig. 8), Léonard experimented with this vault system in 
several churches, such as at Saint Louis in Liége (1894), Saint Remigius in Ittre (1896-98), 
Saint Nicholas in La Roche-en-Ardenne (1899-1900)'” and Saint Hubertus in Esneux 
(1901).' Of all these churches, the one in Pepinster is probably the most accomplished 
thanks to the close collaboration and good relationship that existed between Balau and 
Léonard. The priest and the architect discussed and collaborated on each aspect of the 
design and construction with the shared perspective of realising a perfectly Rational 
Gothic Revival church (Vanderheyden 2011, 5-8). 

The church is a basilica with a clerestory and transept (figs. 8-9). The main nave is 8.2 
meters wide with six bays and is covered with pointed barrel vaults made of hollow-core 
tiles in terra-cotta. Each bay is made of five rows of 80-centimeter-long and 20-centimeter- 
wide terra-cotta tiles laid on curved metal T-shaped profiles. They are covered on the extra- 
dos with a cement mortar. This construction principle, known as the Francart system, was 
invented at the end of the 19th century by Sylvain Francart and his son Henri, founders of 
the S.A. des Tuileries et Briqueteries Notre-Dame in Tongeren, Limburg (fig. 10) (Unventaris 
van Limburgse panovens 2021). Unlike Saint Francis de Sales where each bay between 
transverse arches was made of true vaults built in bricks with curvature, the vault of the 
Francart system consisted of one long terra-cotta tile lying between profiles, with no curva- 
ture. The use of such a system would probably speed up the construction, and the tiles were 
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easier to decorate. At Saints Anthony and Apollonia, the terra-cotta vaults form indeed a 
smooth, natural ochre-coloured background on which the paintings by Adolphe Tassin 
(1852-1923) are showcased (fig. 11). 

In contrast to what has been described for the church of Saint Francis de Sales, in the 
Pepinster church only the transverse arches of the vault are metal. The arcades that separate 
the nave from the aisles are made of stone columns, and the roof frame is made of timber 
(the outward thrusts of which are taken up by scissor braces). Visible metal tie rods were 
therefore added to ensure the stability of the lateral walls and to take up the thrusts induced 
by the metal arches. 


Figure 8. Nave of Ss Anthony and Apollonia in Pepinster (1893-99) (Source: Royal Institute for 
Cultural Heritage, KIK-IRPA). 
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Figure 9. Cross section of Ss Anthony and Apollonia in Pepinster by C. Léonard, 1892 (Source: 
Pepinster 1.4, fonds CRMSE, Liége). 


SAINT REMIGIUS IN MOLENBEEK-SAINT-JEAN (1907-08) 


Right after the completion of the church in Pepinster, Clément Léonard was appointed to 
design the church of a newly created parish (1897) for the growing neighbourhood of the 
new port of Brussels, located in the municipality of Molenbeek-Saint-Jean. He presented 
his Gothic Revival design in 1901. As in Pepinster, Léonard planned to use Francart vaults 
combined with timber roof trusses (fig. 12). This project was still under discussion when 
Léonard died in 1903. Architect Guillaume Chrétien Veraart (1872-1951) was then en- 
trusted with this project. Veraart graduated from the Saint Luke School in Schaerbeek (class 
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VOUTES EN PLAQUES FRANCART. 


Plaques creuses maconnées 
sur fer | au mortier de .ciment 


artificiel. 


Figure 10. Advertisement for the Francart system of vaults (L'index du bátiment 1913, 68). 


of 1895) and did his internship at the offices of renowned Gothic Revival architects and 
former collaborators of Helleputte, such as Pierre Langerock. 

In 1904, Veraart proposed his design for the Saint Remigius” church. The Royal Commis- 
sion for Monuments validated the project with a few remarks that Veraart considered in his 
1906 final design. This last project exceeded the two previous designs in dimensions (espe- 
cially in height) and ornamentation. Like the two previously discussed churches, Saint 
Remigius is a synthesis of an archaeological approach and the rational use of structural 
materials. In the tradition of Saint Luke, Veraart opted for a local Gothic style, archaeologi- 
cally based on the 13th-century Gothic churches of Tournai and the Scheldt basin. This 
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Figure 11. Terra-cotta vault of the choir, decorated with painting by A. Tassin (Source: Royal 
Institute for Cultural Heritage, KIK-IRPA). 
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Figure 12. Cross section of the preliminary project of St Remigius by C. Léonard, 1901 (Archives 
of the church fabric, Molenbeek-Saint-Jean). 


style combines local features — in particular, the use of side turrets with conical roofs — with 
elements from the early Gothic architecture of northern France. With its pointed arches and 
slender appearance, Saint Remigius is one of the most impressive examples of Saint Luke 
Gothic Revival in Brussels (fig. 13). 

In his 1906 design,'* Veraart proposed timber roof trusses spanning 13 meters (plates IM 
TV), which he combined with a vaulting structure inspired by those used by Clément Léonard. 
Yet he opted for oak boards instead of terra-cotta tiles. The vaults were thus made of oak 
boards lying from rib to rib, the latter made of curved, steel I-beams. However, if not for rea- 
sons of economy or stability, it was at least for the sake of consistency that an alternative was 
proposed in 1907 (plate V).'* The structure of the vault remained unchanged but it was cou- 
pled with steel roof trusses so as to become a single structure. Although less rational than 
at Helleputte”s Saint Francis de Sales, this system combined the transverse arches of the 
Gothic vaults with the steel roof trusses. But unlike those in the two churches discussed previ- 
ously, the steel arches of Saint Remigius were not shown honestly but hidden behind decora- 
tive carved oak elements (plate VI. 

From the construction of Saint Remigius” church until the First World War, Guillaume 
Chrétien Veraart made regular use of this system of steel roof trusses and vaulting ribs in the 
churches he designed. For example, the projects he submitted for the Saint Joseph's church in 
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Figure 13. Nave of St Remigius in Molenbeek-Saint-Jean (1907-08) (Photo: Author, 2018). 
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Lot (Beersel) in collaboration with Herman Lemaire (plans from 1908, construction 1910) and 
the Saint Peter in Chains” church in Audenaeken (plans from 1908, construction 1910-11) were 
designed with the same kind of steel structure; however, wooden vaults were replaced with a 
more innovative vaulting technique made of lightweight brick vaults, such as Daussin's system.!* 


CONCLUSION 


In the late 19th century, the need to combine roofs with steep Gothic pitches, with the inten- 
tion to reduce the volume of the roof voids (for significant cost savings) led to the develop- 
ment of new ways of building vaults. On the one hand, this was fostered by the development 
of innovative construction materials and techniques, like efficient iron and steel structures and 
lightweight terra-cotta slabs. On the other hand, it became possible to use these novel tech- 
nologies in churches thanks to the progressive mentality of the Saint Luke Movement after 
the death of Jean-Baptiste Bethune, protector of the anti-modern dogma of Saint Luke. 
Progressive architects (or architectural engineers) like Joris Helleputte, Clément Léonard or 
Guillaume Chrétien Veraart pushed towards a more ingenious and rational Saint Luke Gothic 
Revival architecture, which combined archaeological studies and innovative construction 
techniques that were used truly, according to their respective structural properties. 

One of the innovative construction techniques adopted by Helleputte, Léonard and Veraart 
was the use of metal (wrought iron or steel) transverse arches forming the pointed barrel 
vaults of their churches. Yet, the fillings of these vaults varied in the three cases. While at 
Saint Francis de Sales, Helleputte opted for small, real brick vaults to f11l the space between 
two successive transverse arches, at Saints Anthony and Apollonia, Léonard used long, flat 
terra-cotta tiles lying from arch to arch. The latter principle was also used by Veraart at 
Saint Remigius, yet rather than terra-cotta tiles, he chose oak boards. In this period, other 
Saint Luke architects also used these vaults with metal arches, mainly coupled with terra- 
cotta tiles, as, for instance, Edmond Serneels (e.g., Saint Anthony in Etterbeek), Hubert 
Froment (e.g., Saint Stephen in Avin or Saint Peter in Lincent) and Joseph Francois Piscador 
(e.g., Holy Family in Boven-Lo or Saint Sebastian in Naomé). 

Alternative vaulting systems, incorporating advanced technology, developed in response 
to the outward thrust induced by traditional masonry vaults. Indeed, in the case of brickwork, 
the pressure on the side walls necessitated complex and expensive buttresses. In contrast, 
metal arches allowed the vault of the nave to be raised into the roof void with the whole 
structure being in equilibrium, without the help of buttresses, ties or even a tie-beam. This 
became even more efficient when the arches were combined with a prefabricated metal roof 
structure, such as at Saint Francis de Sales or at Saint Remigius. As advocated by 
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Helleputte and Vierendeel, in these churches, the structural materials were therefore used 
rationally to create a new Gothic architecture. 
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NOTES 


1. Recent inventories of 19th- and 20th-century parish churches in Belgium pay little attention 
to the materials and techniques used in their construction. For the Walloon Region, see Bertrand, 
Chenut and Genicot (2009-2011) and the online heritage inventory (Inventaire du patrimoine 
culturel immobilier de Wallonie n.d.). For the Brussels-Capital Region, see Capelle, Van Innis 
and Osaer (1995), Coomans et al. (2014) and the online heritage inventory (Inventaire du Patrimoine 
Architectural. Région de Bruxelles-Capitale n.d.). For the Flemish Region, see Coomans (2003), 
Aerts et al. (2014), Boone, Bórócz and Tansens (2008) and the online heritage inventory (Inventaris 
Onroerend Erfeoed n.d.). 


2. Note that in this chapter, the use of the term “vault” should not be interpreted as a structure 
in compression, but rather as the form of the ceiling. 


3. From 1884 until the First World War, the Catholic party held an absolute majority in the Bel- 
glan Parliament and guaranteed a quasi-monopoly for the design of religious buildings to ultra- 
montane Catholic Saint Luke architects (De Maeyer 1988a). 


4. On this subject, see in particular the twelfth Entretien in Viollet-le-Duc (1872, 53-94). 


5. “Il y a, il est vrai, certains architectes-archéologues qui envisagent l'introduction du métal 
dans les églises comme un quasi-sacriléege. Ce n'est pas dans les traditions gothiques, disent-ils. 
Cela est parfaitement vrai, mais si ce n'est pas dans les traditions, c'est uniquement parce que 
les Gothiques n'avaient pas le métal á leur disposition, car le métal est absolument dans la 
logique gothique, et les Gothiques, ces ingénieurs du moyen áge, l”eussent certainement employé 
avec enthousiasme si l'industrie de 1"époque le leur eút pu fournir.” 


6. “Le métal est aussi d'un tres bon emploi pour constituer les nervures des voútes gothiques et 
son usage y est d'autant plus rationnel qu'en combinant l”arc doubleau de la voúte avec 
Parbalétrier de la toiture il y a moyen de créer une ossature s”équilibrant elle-méme sans 
Pintervention d”arc-boutant, de contrefort ou de tirant. Il est méme a remarquer que l”entrait de 
la charpente disparaissant, la voúte de la nef peut étre surélevée et empiéter sur le vide des greniers 
de l'église qui ainsi sont utilisés a l'intérieur du temple.” 


7. “Que chaque membre de l'édifice, que chaque objet ait la forme qui lui convient en raison 
des matériaux dont il est formé, et de la fonction qu'il remplit. (...) Que la colonne en fonte ne 
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prenne pas sottement 1'ampleur du poteau en bois ; mais que, reconnaissante envers le Créateur 
qui lui a donné sa résistance, elle 1"en remercie en se parant de sa forme la plus élégante.” 


8. This description is based on the picture of the prefabricated truss before its placement in the 
church in 1893 (pictures from 1892 or 1893) and the pictures taken by Frangoise Fonck before 
the demolition of the church in 1988 (pictures from 1987-88), which she used in her master”s 
thesis at the University of Liége (Fonck 1988, 66-75). 


9. This information was retrieved by Francoise Fonck in Liége, Archives of the Diocese, Fonds 
Doutreloux, 22, Salésiens. 


10. This church was damaged in 1945; the vaults were not rebuilt as originally designed. 


11. Some of these churches have already been mentioned in Vanderheyden (2011, 5) and Provost 
and Hellebois (2018, 82). 


12. Note that in 1930, Henri Francart built his own Saint Joseph's church next to his factory in 
Tongeren, complete with a barrel vault made of Francart's hollow terra-cotta tiles. 


13. The 1906 project of the timber roof trusses is depicted in sections retrieved from Vilvoorde, 
Agentschap Onroerend Erfgoed Vlaanderen, Tekeningen en plannen van de Koninklijke Commissie 
voor Monumenten en Landschappen (KCML), B 1895-1913. In addition, as part of his master 
thesis under supervision of prof. Thomas Coomans, Dorus Vleer found a detailed plan of the 
truss in the Archives of the church fabric (Vleer 2019). 


14. It is not known who proposed this alternative system. Was it the architect, the contractor or 
another stakeholder? The plan of the steel truss that Dorus Vleer found in the Archives of the 
church fabric is not signed (Vleer 2019). 


15. See the chapter by Fuentes and Guerra-Pestonit (2021) in this book. 
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Plate I. Cross section of St Francis de Sales in Liege by J. Helleputte, n.d. (Helleputte 
1286.1.21, University archives, KU Leuven). 
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Plate II. Drawing of the springing point of the metal arches by J. Helleputte, n.d. (Helleputte 
1286.1.157, University archives, KU Leuven). 
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Plate III. Cross section of St Remigius by Ch. Veraart, 1906 (Archives of the church 
fabric, Molenbeek-Saint-Jean). 
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Plate IV. Unrealised project for the timber roof trusses of St Remigius (not built) by 
Ch. Veraart, 1906 (Archives of the church fabric, Molenbeek-Saint-Jean). 
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Plate V. Project for the steel roof trusses of St Remigius (as built), S.n., 1907 (Archives of 
the church fabric, Molenbeek-Saint-Jean). 
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Plate VI. Cross section of the steel rib of the vault, ornamented with oak molding, by 
Ch. Veraart, 1906 (Archives of the church fabric, Molenbeek-Saint-Jean). 


Testing of Tile Vaults 
The Need to Validate the System 


Esther Redondo Martínez 


The first documented tests of tile vaults date from the end of the 18th century, and testing 
vaults became more and more frequent throughout the 19th century and the beginning of 
the 20th century. The beginning of testing coincided with the Enlightenment, a time when 
architects began to take a scientific approach to construction, which would lead to modern 
structural theory. For this reason, the first tests were also carried out in countries where 
Enlightenment thought began earlier, such as France and England. 

With regard to tile vaults, a few more observations can be added: 

—In the last years of the 18th century and during the 19th century, they experienced an 
important development linked to the appearance of new types of buildings, especially 
factories for the new industries. Factory buildings had rigid requirements for size and 
shape, as well as serious fire problems due to the combustibility of machines and stored 
materials. 

—During the 19th century, the use of cement as a binding material became widespread. 
The appearance of this new material was decisive in the development of tile vaults: com- 
pared to the plaster used up to that time, cement sets in a shorter time, and is not altered 
by humidity and does not increase in volume when it sets. Moreover, in tests, cement 
showed a certain tensile strength, and this revived a latent debate, which began in the 
mid-18th century, about the “monolithic” behaviour of these vaults and the idea that be- 
cause of this monolithic behaviour, the vaults did not transmit pressure to the supports. 
This is the historical context in which the tests studied here were carried out: seeking, on 
the one hand, a theory to support the practices that had been used for centuries to con- 
struct them, and on the other hand, the validity of the monolithic model mentioned above. 
In the first tests, carried out when plaster was a binder, monolithic behaviour was attributed 
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to a perfect union between tiles and plaster, and that if the vaults pushed the walls, it was 
because the plaster expanded as it set and moved the supports. If precautions were taken 
to avoid this, the vaults would not push at all.!' Later, cement (Roman or Portland type), 
was used as a binder. Monolithic behaviour was then attributed to the tensile strength of 


this new material. 


EARLY NON-SCIENTIFIC TESTS 


The first tests of tile vaults were carried out in France in the last years of the 18th century. 
This construction system, traditional in the south of France (mainly in Roussillon) was 
spreading throughout the rest of the country thanks to the interest of a few authors: 
Duke of Belle Isle, Count d*Espie; later, Marc-Antoine Laugier and the treatise writers 
Blondel, Patte and Rondelet. When tile vaults reached the north of France where the sys- 
tem was not known, they raised many doubts because of the slenderness of vaults and 
walls on which they were supported. In this context, some tests were made. Several of 
them were described, with little precision, in Count d”Espie”s book (1754, 49-52). Some 
of them were carried out in front of “authorities,” usually members of the Academies of 
Architecture, and their approval was very important for the adoption of the system in 
France. As an example of these initial tests, we describe one that appeared in Blondel and 
Patte?s Cours d Architecture. 


Test of the Vaults at Palais Bourbon, around 1764 


The Palais Bourbon in Paris began to be built in 1722; in 1764 it passed to the Prince de 
Condé, who enlarged it (Bamnister 1968, 168). As part of this extension, tile vaults 
were built, which are described in chapter 5 of the Cours... by Blondel and Patte. As a 
preliminary step, a vault was built in a former pavilion, and a simple load test was car- 
ried out on it, which was observed by members of the French Academy of Sciences. 
The vault was based on the geometry of figure 1. It was a very shallow arch with the 
following dimensions: 19 ft (6.17 m) in plan and a rise of 2.5 ft (81.2 cm); rise-span 
ratio, 1/7.6; side walls were 21 and 27 inches (57 and 73 cm). Two iron ties were 
placed over the thinner walls, but not the thicker ones, which also supported the weight 
of 40 feet (13 m) of wall above. The thickness of the vault at the crown was 5.5 inches 
(15 cm). 
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Figure 1. Vaults built in the Palais Bourbon, showing four phases of the construction process: 
Fig. XVI in section shows the formwork; Fig. XVIII shows the tiles, 8 in (21.6 cm) square, and laid 
diagonally; Fig. XIX in plan and Fig. XX in section show the buttressing walls, about every 1 metre, 
over which small barrel vaults (G) were built (Blondel and Patte 1771-77, Pl. LXXXXVID.. 


Once the vault was built, it was gradually loaded with 3 ft (97 cm) of sand, well distrib- 
uted over the vault, which resisted without deflection. The test convinced the members of 
the Academy: “Several Members of the Royal Academy of Sciences, $ of the Academy of 
Architecture, who were invited to attend the test, claim that the vault owes its stability to 
the two tie-rods””? (Blondel and Patte 1771—77, vol. 6, 110). 
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The first conclusion was that it is possible to draw a thrust line in the thickness of the 
vault (see equilibrium analysis in fig. 2, left). Concerning stresses, the total load on the vault 
was 636.35 kN.* By considering a band 1 m wide, and supposing a parabolic thrust line, we 
obtain the thrust and the maximum axial force in the vault. 


ña gxI? 103.14kN/mx6.17"m* 


= = 605.93 kN 
8xF 8x0.8lm 


E 605.93kN 
cos 28 0.88 


MAX 


= 688.56 kN 


Supposing a cross-section of 100 x 15 cm, the stresses in the masonry are: 


Nu 688560N 


E = 4.59 N/mm?” 
Á 1000 mmx150mm 


Omax = 


So, we can conclude the following: 

—It is possible to draw a thrust line in the thickness of the vault. The parabolic thrust 
line (in red in fig. 2) almost coincides with the middle line of the arch. This is valid for 
any vault with a segmental arch shape, and we will see throughout the text that it is the 
explanation for many of the extraordinarily large distributed loads that tile vaults sup- 
ported in various tests. 

—In Heyman (1977, 80) we find a graph in which the limiting thickness of a vault can be 
obtained as a function of its angle of embrace. Data from the tested vault are drawn on it 
(fig. 2, bottom right): the angle of embrace is 29? and the limit thickness is about t/r = 0.002; 
for r= 6.34 m itis 1.3 cm. The vault, built with 15 cm thickness, has a geometric factor of 
safety higher than 10. 

—The compression stress is lower than the maximum stress for this type of masonty, as 
well as for the materials of which it is composed (tiles, plaster).* 

But the vault might have to support asymmetrical loads. Blondel and Patte mention this 
at the end of the description of the test. To solve this problem, the vaults built at the Palais 
Bourbon had buttressing walls (see Fig. XIX in fig. 1). With these elements, a vault could 
resist a point load anywhere on its surface.* 
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Figure 2. On the left, equilibrium analysis of the Palais Bourbon vault. Dimensions and shape from 
Blondel and Patte, figure 1. On the right, limiting thickness of a vault with the dimensions of the 
one tested, over graph in Heyman (1977, 80) (Drawings: Author, 2021). 
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TESTS IN FRANCE DURING THE 19TH CENTURY 


After a period of introduction and some mistrust in the 18th century, many vaults were built 
in France during the 19th century, as can be seen from numerous comments in texts from 
the time.* The main uses seem to have been for water tank covers and textile mills. 

Several French tests of this period were similar to the one described in the previous sec- 
tion: a vault was built, a large distributed load was placed on top of it, and the test proved 
that the vault did not break under the load. The explanations were the same as those given 
for the vaults of the Palais Bourbon. But there were other more interesting tests, two of 
which are discussed in detail below. 


D”Olivier, 1837 


D”Olivier was a military man, a captain in the Engineers Corps. He described his tests in an 
article, “Relatif a la construction des voútes en briques posées de plat, suivi de recherches 
expérimentales sur la poussée de ces sortes de voútes” published in Annales de Ponts et 
Chaussées in 1837. 

The article has two chapters, and in the second, “Recherches expérimentales sur la 
pousée des voútes de briques posées de plat,” tests are described. It is interesting the reason 
that d'Olivier confesses for carrying them out: 


First of all, 1 made sure that the vault pushes, a result that is not trivial, since 1t has often 
been said and printed that these kinds of vaults had no more thrust than a hollow tile 
placed on a table, or the lid of a pot, an error that has caused the collapse of more than 
one building, and which it is important to refute.” (D*Olivier 1837, 304) 


As can be seen, the belief in monolithism suggested by d'Espie (1754) and expanded on in 
France by Blondel and Patte (1771-77) and Rondelet (1802) was not shared by all who 
dealt with tile vaults. 

The tests involved a two-layer vault (built with special C-shaped tiles, which fit into each 
other and were covered with plaster, see fig. 3). The vault measured 5.05 m along its top 
and 29 cm wide, and spanned 4.89 m between supports with a rise of 47 cm, and was 8 cm 
thick (fig. 3). 

The support system was constructed in such a way that 1t could be kept fixed or allowed 
to move horizontally. During the construction of the vault, the supports were fixed. When 
the vault was finished, they were allowed to move by placing two intermediate dynamome- 
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ters on each side, which supplied a known force. If the thrust of the vault was greater than 
the force of the dynamometers, the supports would move. 


sy me , , . P 
B. e perl guar MENUICA e prafare heroico 
: e 
del voótrs, Fior. 3. 
a) 
Llevation. 


8 


ye 


IA 


Plan. Fig. 4. 


Ñ $ A A CY, metro. 
A. € Duras a orochcOs em) aloe a Y A 
, Fig. 7. 
aveo le plitre méáliocre. Y 19. 5. aveo le bon plutre. Fig. 6. D' 


Coupe Plan L 


vupe 
mee 
TT 


Figure 3. Top: Plan and elevation of the vault being tested (D”Olivier 1837, Pl. 129, Fig. 3 and 4); 
bottom: Detail of the dynamometer and the tiles used (figs. 5-7). 


The test consisted of gradually reducing the force of the dynamometers until the vault be- 
gan to move. Two dynamometers were placed on each support, each one exerting a force of 
55 kg (110 kg on each support); the supports were freed, allowing their horizontal movement; 
and the vault remained intact. This pressure was reduced to 50 kg with the same result. When 
the force was reduced to 45 kg, the supports moved a little, the crown cracked and moved 
down 2 cm. A new equilibrium was reached with the dynamometers reading 55 kg. 

The test continued on a new vault. The dynamometers were placed, each one exerting a 
force of 40 kg, and the supports were let free. The supports separated and the vault fell. 

D”Olivier described the breaking process of the vault, with five hinges: in the crown and 
in two points located at 65 cm on each side of it, on the extrados, and in the starts, on the 
intrados, so that it broke into four pieces. Just before the break, the crown dropped 21 cm 
and the dynamometers showed a force of 86.25 kg each (172.5 kg at each support). 
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á-dire la somme de la pousste sur chaque piédroit, ou la valeur de 2 P. dl 


Figure 4. Left: Drawing and equilibrium equation used by d'Olivier to obtain the thickness of a wall 
when the thrust transmitted by a vault and its point of application are known; right: table deduced 
from d'Olivier”s test, for 8 cm thick vaults; there is a similar one for 12 cm thick vaults (Lagarde 
1849, 100). 


D”Olivier concluded that if each support was capable of providing a force of 100 kg, the 
vault would be in equilibrium. He generalised from the data, dividing this value by the 
29 cm width of the vault he tested and obtained a thrust 0f£ 345 kg/m at each support. From 
these data, the thickness of a wall can be calculated, by making a simple equilibrium equa- 
tion on the outer edge of the wall (see fig. 4, left). 

With the thrust calculated from the tests (345 kg/m), a wall of 5 m total height with the 
vault starting at 4 m and weighing 2200 kg/m3, a thickness of 0.50 m is obtained for the 
wall. D'Olivier notes that only the weight of the vaults was taken into account in these 
calculations (excluding the usual fill over the haunches of the vaults and a pavement). What 
d'Olivier did not point out was that this wall thickness resulted from a single test and that 
no safety factor was applied in the calculation. The wall thickness obtained (1/10 of the 
span of the vault) is much less than what is usually built and what is recommended by the 
treatise writers who addressed this issue.* 

The article ends with a description of the test. There was no analysis of the results ob- 
tained, nor were they related to the theory of vaults, which in 1837 had reached a certain 
development. D*Olivier concluded that with the data obtained we know the thrust of similar 
vaults, the most common in practice, and to obtain the thrust of vaults with other shapes or 
dimensions, similar tests can be carried out. 

D”Olivier published only this test,? involving a vault of a specific size and shape. How- 
ever, his results had a considerable impact. In a short construction manual (Lagarde 1849) 
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we find a table with the thrusts and the width to be given to the supports of different tile 
vaults of 8 and 12 cm thick (fig. 4, right). This table, according to the author, had been de- 
duced from d*Olivier”s test and the formulas given by Rondelet. 

The numerous editions of the well-known Claudel and Laroque treatise'? also reproduce 
d'Olivier”s test, in a section devoted to Voútes légeres en briques et en poteries. The value 
of the thrust obtained in the test was indicated, highlighting the type of brick used and its 
advantages in relation to the increase in volume of the plaster while sets. 


Fontaine, 1865 


Fontaine was an engineer, and he carried out tests to find the maximum loads that a vault of 
a very specific geometry could withstand, in order to build a large area of floor with this 
type of vault. The four vaults he tested were made of different materials: 

—tile vaults, with two layers, made of cement blocks and ceramic tiles 

—hollow brick vaults, with a single layer of hollow pieces 

—concrete vaults 

The aim seems to have been to compare these construction systems and choose the most 
suitable one for the construction of a large industrial building. 

He published his results in an article, “Expériences faites sur la stabilité des voútes en 
briques,” in Nouvelles Annales de la Construction in 1865. 

Unlike d*Olivier, he began his article with a brief description of the state of vault theo- 
ry at the time of his tests. Although he later applied it to his tests, he indicated that 1t may 
not be valid because, on the one hand, the vaults rested on flexible metal beams and, on 
the other hand, used cohesive materials, so could be considered a “monolith.” 

The first test was carried out on an isolated vault of 3.75 m span, 0.355 m rise and 
0.10 m thick (fig. 5, bottom), formed by 2 layers of 25 mm thick cement blocks, 
bonded with cement mortar. The haunches were filled with poor cement, lightened as 
shown in figure 5. The vault was uniformly loaded with 2700 kg/m?. After six days, 
deflection at the crown was measured and found to be 3 mm. The load was left in 
place for one month, and no further increase in deflection or cracking occurred. In 
contrast, the vault broke under a small load (100 kg/m?) when a weight of 200 kg was 
dropped on it from a height of 2 m. The conclusion from this test was that this type of 
vault could safely withstand loads of 1000 kg/m?, but it would not withstand vibra- 
tions very well. 
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Figure 5. Drawing of the vaults on which Fontaine carried out his first test, bottom, and second test, 
top; on the right, section of the metal beam supporting the beams (Fontaine 1865, Pl 4, figs. 5-6). 


The second test was carried out on a set of three successive vaults (see fig. 5, top) sup- 
ported on metal beams 4 metres apart, with the same geometry as the isolated vault of the 
first test, but this time using Bourgogne bricks!! instead of cement blocks. The fill over the 
top of the arch was executed in the same way. The first and third vaults had tie rods but the 
central vault did not. Fontaine wanted to know the effect of two heavily loaded side vaults 
pressing against an unloaded central one and, in particular, to learn 1fit was necessary to tie 
the vaults, since eliminating ties would mean a significant saving of material. 

Previously, he tested the iron beams alone (see fig. 5, bottom right), loading them with a 
weight similar to that of the vaults and measuring their deflection, which he then compared 
to the deflection when they were loaded with the vaults. 

The vaults were built, and the two side vaults were progressively loaded uniformly, and 
the central vault had no load. Deflections in the beams were measured with a load on the 
side vaults of 500 and 1000 kg/m?. The following values are obtained: 

With a 500 kg/m? load: 

the side beams supported 1800 kg/m and deflected 1.5 mm 

the central beams supported 2500 kg/m and deflected less than 1 mm 

With a 1000 kg/m? load: 

—the side beams supported 2800 kg/m and deflected between 6 and 7 mm 

—the central beams supported 3500 kg/m and deflected 2.3 mm 

These deflections were considerably smaller than those measured for the beam without 
a vault above it, as well as being smaller in the central beam, with more load. Fontaine 
attributed this difference to the stiffening effect of vaults and f111. The load was increased 
until it reached 1250 kg/m?, at which point the central vault began to fail, opening a lon- 
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gitudinal crack in the crown and other zig-zag cracks in the haunches. The central vault 
rose 2.4 cm. This load remained in place during one night and, little by little, the central 
vault continued to rise while the side ones sank and eventually collapsed, breaking the 
ties and causing high deflections in the support beams. Despite all these movements, the 
central vault remained standing. The conclusion from this test was that this vault system, 
formed by two superposed layers, does not resist well the effect of a great thrust against 
the supports. 

Fontaine carried out a third test, building vaults of the same geometry over the same sup- 
ports used in the second one, but made with a single, hollow brick layer,'? with a total thick- 
ness of 11 cm. The bricks were laid with lime mortar, and the haunches filled with small 
hollow ceramic pieces and a poor mortar of lime and rubble. This time Fontaine loaded the 
three vaults with 1000 kg/m?; and they remained in good condition. The load was then 
moved from the central vault to the side ones, until the central vault had a load of only 
100 kg/m? (so that the side ones were loaded with 1450 kg/m?). At this point, the effects of 
the previous test were repeated, except that in this case the three vaults fell at the same time. 
Fontaine attributed this to the weaker bond of lime mortar. 

From this test he definitely concluded that the vaults required ties, since, as in the second 
test, the vaults fell when they were unevenly loaded if the central vault was not tied, even if 
the side ones were. Fontaine also highlighted the advantages of this system of building 
vaults (a single hollow brick layer) compared to the previous one (two layers of tile). 

Finally, he carried a similar test on concrete vaults, described as a “véritable monolithe” 
(Fontaine 1865, 155), although compared to the others they weighed more. 

Fontaine pursued a practical and concrete objective: to find the most suitable construc- 
tion system for a large industrial building, made up of a series of vaults with a span of 
3.75 metres and a rise 0f 0.355 metres.!'* He knew that the loads would be large and may be 
unevenly distributed. Applying a safety factor of2 to the breaking loads obtained, Fontaine 
concluded that: 

—An isolated vault with a span of 4 metres, rise 1/10 of the span and a thickness of 10 cm 
can be loaded with 1000 kg/m? 

—In a group of adjacent vaults, tie rods are required whenever the loads are greater than 
500 kg/m? for two layers of tiles laid flat, with a total thickness of 10 cm; 750 kg/m? for a 
single layer of 11 cm thick hollow bricks; and 1000 kg/m? when using concrete. The final 
part of his article seemed to be aimed at correctly sizing the supports for these vaults, 
whether walls or iron columns, based on the minimum thrust obtained with different load 
values. But he did not present conclusions, rather, left the matter for a later article that he 


never wrote.!* 
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TESTS IN ENGLAND 


Floor vaults were introduced in England through the influence of French examples. In 
1756, an English translation of le comte d'Espie (1754) was published by Louis Dutens. It 
appears that Fonthill, the first building with vaults a la Rousillon in England, was construct- 
ed under the direct influence of this translation.'* In industrial buildings, a noncombustible 
type of floor was used: brick vaults with tie rods. To reduce the weight of the vaults, hollow 
ceramic pieces (and maybe tiles) were sometimes used. Tests were carried out in a context 
similar to ones in France: the lack of knowledge about the building system and a new atti- 
tude that demanded scientific evidence. 


Cubitt, 1841 


Thomas Cubitt (1788-1855) was an important English builder who carried out numerous 
projects from 1815 onwards, mainly constructing housing in central London. In 1841 he 
published in the journal of the Institution of Civil Engineers (ICE), of which he was a 
member, the results of a load test on brick arches, in an article entitled “Experiments on 
the strength of Brick and Tile Arches.” He began his article by stating that he was an ex- 
perienced builder and that he had used vaults like the ones he tested in his construction 
projects. 

The test was carried out on two arches of equal dimensions:!* 15 ft and 9 in (480 cm) 
span and 2 ft (61 cm) rise, so the relation of rise/span was 1/7.7. 

—One of them was built with a layer of bricks laid in cement, with a thickness of half a 
brick. The width of this arch was 2 ft (61 cm). 

—The second arch was built with 4 layers of tiles, also laid in cement. The thickness was 
4.25 in (10.8 cm) and the width was 2 ft and 4 in (71 cm). 

The extrados of the arches was filled up to the crown with rubble and cement. The two 
arches were gradually loaded with a row of bricks placed along the centre ofthe two arches, 
over 75 days, the weight increasing from 12.75 cwt (6.48 kN) to 160 cwt (81.28 kN). After 
75 days, and under the maximum load, the two arches broke: 

the one with the edge bricks because the supports failed 

the one with tiles collapsed 

As in previous tests, for an arch with this shape, very shallow and filled to the crown, it is 
very easy to draw inside the masonry (arch or fill work in a similar way) a thrust line for 
any load, whether distributed or concentrated.'” The breaking load produces very low 
stresses in the material (around 1.2 N/mm?), close to what other authors claim that similar 
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vaults resist. Maybe there were no tie rods in these arches (supports were not detailed) and 
this was the reason of the failure. 

But more interesting than this is the fact that such an important builder as Thomas Cubitt 
bothered to test tile vaults. Because of an interest in non-combustible floors, brick vaults 
were a common solution in industrial architecture in England and France during the 19th 
century. It can be deduced from Cubitt”s test that the solution was used in residential archi- 
tecture, with similar solutions and sizes: shallow, segmental vaults, tied, and with spans of 
around 4.00 m. And in addition to the usual brick vaults, tile vaults were also used. 


TESTS CARRIED OUT BY GUASTAVINO IN THE UNITED STATES 


When Rafael Guastavino arrived in the United States, he found a very different construc- 
tion context from the one he left in Spain. Although there was an interest in fireproof con- 
struction, construction with tile vaults was unknown, and it was necessary to prove their 
validity. Moreover, materials required for his system (tiles and cement) were not available 
as in Catalonia, and there were no specialised workers (Guastavino 1893, 17-18). 

Guastavino dedicated much time in his first years in America to advertising and guaran- 
tecing the tile vault construction system, about which he wrote two books (Guastavino 
1893 and 1904) and several articles for magazines. He patented various items and under- 
took an extensive campaign of testing, both on specimens and on complete vaults. 

There is no record that the data obtained from the tests were subsequently used in the 
design of vaults: tests on specimens provided strength data (compression, tension, bending 
or shear), and Guastavino never used strength as a factor in his projects; tests on complete 
vaults had an advertising character, and no scientific data were extracted from them. 


Tests on Specimens, 1887 


These first tests reported by Guastavino (1893) were carried out during 1887 at the Depart- 
ment of Tests and Experiments of the Fairbanks Scale Company. They were tests on tile and 
cement mortar specimens, and their objective was to give values of compression, tension, 
bending and shear resistance that could be applied in a project involving vaults built with 
these materials. Four compression tests were performed. The specimen was neither de- 
scribed nor drawn. The average of the weight supported in these four tests was 2060 lbs/ 
sq. in (14,21 N/mm?) measured five days after construction. There was one for which the 
resistance after one year was obtained, a value 0f£ 3290 lbs/sq. in (22,68 N/mm?).'* 
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Shcaring Stress (Fig. 12). 
Test No. 4873, June 6, 1887, in Portland cement, 
8,910 lbs. = 123.7 lbs. per sq. in. 


TESTNO 1873. 


No. 4872, June 6, 1887, in plaster-of-Paris, 2,450 
34 lbs. per sq. in. 


Transverse (Fig. 16). (Page 60.) 
No. 4871, June 6, 1889. go lbs. per sq. in. 


«E==>- Tensioz (Fig. 17). 
Test No. 4875, Jan. 7, 1887. 287 lbs. per sq. in. 


Fig. 17. 
Figure 6. Different specimens used by Rafael Guastavino in the 1887 tests. Top: Specimen for shear 
tests (Guastavino 1893, 50); centre: Specimen for bending tests (Guastavino 1893, 60); bottom: 
Specimen for tension tests (Guastavino 1893, 54). 


For bending, calculated from a single test on the specimen in figure 6, centre, the result 
was 90 lbs/sq. in (0.62 N/mm?). Only one tensile test was carried out, on the specimen 
shown in figure 6, bottom. The value obtained was 287 lbs/sq. in (1.98 N/mm). 

For shear, two values were obtained, one from a specimen of tiles and Portland cement 
and the other with tiles and plaster of Paris. The value obtained was clearly higher using 
cement. It is interesting that this distinction was shown in this shear test and not in the oth- 
ers (fig. 6, top). The values obtained were 123.7 lbs/sq. in (0.85 N/mm?) with Portland ce- 
ment and 34 lbs/sq. in (0.23 N/mm?) using plaster. 
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Despite having tested the tension, bending and shear resistance, Guastavino only used 
the average value obtained for compression (14.21 N/mm?) to obtain the thickness of tile 
vaults and domes (Guastavino 1893). Some later authors used the values obtained by 


Rafael Guastavino for compression and tension. 


Machine to Test Brick Arches, 1890 


In the Guastavino Co. archives,'? a drawing of a machine for testing complete tile arches is 
preserved (fig. 7). The drawing dates from 1890. There is no evidence that it was actually 
used in a test, although the way of distributing the loads is similar to that used in a 1935 test. 
The size and dimensions of the vault being tested: span of 12 ft (366 cm), shallow, segmen- 
tal arch with rise/span ratio 1/10, which was quite common in Guastavino”s work. 
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Figure 7. Machine for testing complete tile arches, 1890 (Guastavino Fireproof Construction 
Company architectural records). 


Load and Fire Tests, 1897 


One of the advantages of tile vaults (like all masonry structures) is that they are fireproof. 
Guastavino made a great deal of publicity about this attribute as it was Important in America, 
a country with a tradition of wood construction and where fires were frequent, the most 
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devastating of which destroyed Chicago in 1871, a few years before Guastavino”s arrival in 
the United States. In 1897, he carried out a series of tests on a complete vault built on a free 
plot of land in New York City, at the corner of Avenue A and 68th Street. The test was con- 
ducted in the presence of the New York City Department of Buildings, which sent a detailed 
report on the tests to Rafael Guastavino. This report, together with a series of five photos 
taken during the test and three preliminary plans for the construction of the vault, are pre- 
served in the Guastavino Co. archives. In addition, a summary of the results was published in 
the periodical The American Architect and Building News (1897, 45). 

The report begins with a detailed description of the construction process of the vault that 
would be tested. It is interesting because it seems reasonable that this was the way Guastavino 
built his vaults. The vault had dimensions of 11 x 14 ft (3.35 x 4.27 m) and was supported 
on a small projection, 6 inches (15 cm) wide on side walls of 10 ft (3.05 m). The interior 
dimensions of the brick structure were 12 x 15 ft (3.66 x 4.57 m). At each corner, an open- 
ing was created, in a triangular shape, which served as flues for chimneys. At the top of the 
walls, a frame of I-beams, 15 in (38 cm) deep, was built into the masonry and was rein- 
forced at the corners with smaller beams, 7 in (18 cm) deep (fig. 8). The vault was built 
with three layers of tiles laid with cement mortar. The tiles were 0.75 to 1 in (1.9 to 2.54 cm) 
thick, 6 in wide and 12, 15 or 18 in (30, 38 or 46 cm) long. 

To build the vault, light wooden formwork was placed a tile”s length apart. The first layer 
of tiles was laid side by side on top of the formwork and bonded with pure cement to 
achieve a perfect joint. After laying three rows of tiles of the lower layer, two upper layers 
were started. These were embedded in cement mortar so that the thickness of the joint is 
half an inch. When the tiles were laid, they were pushed into the mortar. The tiles were 
soaked in water before being laid. The cement used was Portland, imported from England. 
The mortar consisted of 1 part cement and 1 part sand. The tiles were laid taking care to 
break the joints between layers as much as possible. 

Over the vault, two types of surfaces were constructed: 

—In half of the vault, small ribs (also made of tile and cement mortar) were built from the 
side walls to the centre of the vault. Also, four small buttressing walls were built perpendic- 
ular to the long walls. On top of these little walls, two horizontal layers of tiles were laid, 
breaking the joints between them (see figs. 8-9). 

—The same diagonal ribs, 2 in (5 cm) high, were also built on the other half of the vault. 
On this side, the space over the vault was filled with concrete, consisting of 1 part Portland 
cement, 2 parts sand and 3 parts gravel. On top of this concrete layer, until the required 
height of the floor was reached, cinder concrete? was poured, consisting of 1 part cement, 
1 part sand and 4 parts cinder (see right half of fig. 8). 
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Figure 8. Plan and section of the vault on which the tests were carried out (The American Architect and 
building News 1897, 45). 
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Figure 9. Construction of ribs and buttressing walls between the vault and the ground level, 4 March 


1897 (Report, photograph n* 1237, Guastavino Fireproof Construction Company architectural 
records). 
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Different types of tiles were used in the intrados of the vault: red and white clay corrugated 
tiles and glazed tiles. The joints between them were carefully filled with cement mortar and 
then some of the rows of corrugated tiles were plastered over, leaving others exposed. The 
rows of glazed tiles were all left exposed. 

One month after its construction, a uniform load of 150 lbs/sq. ft (7.33 kN/m?) was ap- 
plied over the entire vault surface. The load was formed by a thick layer of sand, to spread 
the weight, and iron blocks on top. Before starting the test, deflections were measured: the 
centre point of the vault dropped 0.017 in. (0.43 mm) under the applied load. 

After a fire had started inside the test structure, temperatures were taken at regular inter- 
vals and the deflection of the vault under the influence of the fire was measured (in the 
middle of each wall and at the centre of the vault). Data about the course of the test were 
carefully recorded in a table; the most relevant data are summarised below: 

The fire burned for 5 hours, maintaining the temperature around 2000-2100*F (1100*C) 
for 4 hours, with a maximum of 2300*F (1385C). The centre point of the vault rose due to 
the expansion of the vault materials. This rise increased gradually, considering that, at the 
beginning, this point had dropped 0.017 inches (0.43 mm) under the load. The maximum 
total deflection was 0.71 inches (1.80 cm) four hours after the start of the fire, at a tempera- 
ture of 20009F (1093*C). 


Figure 10. North and east walls during the fire test, 2 April 1897 (Report, photograph n” 1262 
Guastavino Fireproof Construction Company architectural records). 
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After five hours, the fire was extinguished by applying pressurised water to the interior 
for 15 minutes. An inspection of the ceiling revealed damage: the plaster applied to part of 
the vault had fallen, as well as some of the tiles of the lower layer (this fall occurred when 
the fire was extinguished, due to the sudden contraction of the materials). There was a crack 
in one of the diagonal beams of the frame. Some of the tiles had glazed over and others 
melted. 

The next day, when the vault was cold and maintaining the load of 150 lbs/sq. ft 
(7.33 kN/m?), deflection at the centre point of the vault had decreased from the maximum 
of 0.71 in (1.80 cm) to 0.22 in (0.56 cm). The load was removed, leaving a deflection of 
0.167 in (0.42 cm). Then, a far higher load, 600 lbs/sq. ft (29.32 kN/m?), was placed on top 
of the vault and remained in place for 48 hours. At that time, deflection at the centre was 
measured again and found to be 0.362 in (0.91 cm). Fifteen days later, the test was repeated, 
exposing the vault to a new cycle of the same tests (medium load-fire-water-high load), and 
similar effects and deflections were observed. 

In a summary of the test published in The American Architect and Building News, the 
writer found the test especially interesting because of the size of the vault and the extreme 
severity of the conditions to which it was subjected. The description of the test also cites the 
ease of repairing of the vaults (because the damage only affected the lower layer) and the 
minimal impact the first test had on the results of the second test, carried out a few days 
later (The American Architect and building News 1897, 46). 

The aim of these tests was to highlight the fire resistance of the vaults built by Guastavino. 
For this purpose, he chose a common type of vault: double curvature, supported on four 
arches, about 4 m span, rise 1/10 of the span, three layers of tile. The tiles had a variety of 
finishes: exposed and plastered corrugated tiles, glazed tiles. The initial load on the vault 
was quite high, but was sustained. The vault was then subjected to the conditions of a 
large fire for 5 hours. The conclusion was that the vault resisted, with some small deflec- 
tions that disappeared for the most part when the fire was extinguished, and that the only 
damage was the detachment of some lower tiles, which could be replaced without prob- 
lems. The second test served to demonstrate that a new fire would have the same conse- 
quences as the first one. 


Load Tests, 1901 


Documentation relating to these tests is also in the Guastavino Co. archives at Columbia 
University. A six-page report dated 5 June 1901 and photos have been preserved. The load 
in this test was applied directly to the vault”s extrados. In figure 11, we see on the left the 
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unloaded vault (supported on a device very similar to the machine for testing arches in 
fig. 7). On the right is the loaded vault. 


E de E imc ES 
Figure 11. Photograph of several vaults of different sizes, before and after being loaded, photograph 
dated May 1901. They rest on heavily tied I-beams. The loaded vault is 6 feet (1.83 m) wide 
supporting a load of 45000 pounds, about 204.00 kN (Guastavino Fireproof Construction Company 
architectural records). 


Despite the spectacular photo, it was normal for vaults to remain intact under the applied 
load. As shown in previous tests, a segmental-arch vault uniformly loaded is almost inde- 
structible: the thrust line is a parabola, with a profile practically equal to the arch with a 
1/10 rise-span ratio like this one. The ends of the arches pressed against I-beams that were 
tied with thick steel bars, which resist the thrust of the vault without any elongation. Thus, 
the only way to break the masonry is through compression, which does not occur even for 
the load applied to this vault: 
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Osora =508.67 KN 
q, = 508.67kN /3.05m =16.678 kN/m 


E-= qx? 166.78 kN/m x 3.057 m 
— 8xF 8x0.3 m 


= 646.44 kN 


With this thrust and taking as the resistant section the total width of the vault at the crown 
(2000 x 120 cm), which is the minimum, and the haunches filled: 


646440 N 


o = ——— =2.69 N/mm? 
240000 mm” 


This compression stress is significantly lower than the breaking value measured by 
Guastavino himself in 1887: 14,21 N/mm?. 


Strength Tests on Specimens, 1927-28 


These tests were similar to those carried out in 1887: small fragments of vaults (which were 
considered significant in order to give a value for the breaking stresses) were tested in tension, 
compression and shear. The specimens were manufactured in Woburn, Massachusetts, whe- 
re the Guastavino family had a tile factory, between March and April 1927. The tests were 
carried out at the Massachusetts Institute of Technology (M.I.T.) by Professor H. W. Hayward 
in May 1927. These were more systematic than the ones in 1887: many specimens of each 
type were tested, made of different types of tiles. 

The compression tests, which were carried out on 5 May 1927, involved applying a cen- 
tred compression load to 14 specimens of dimensions 12 x 12 in (30.5 x 30.5 cm) or 
12 x 15 in (see fig. 12, top). They were constructed of 1 in (2.5 cm) thick tiles, with a 1/2 in 
(1.2 cm) layer of mortar between each leaf. Two types of tiles were used in the test pieces: 
one as a finish surface (usually Akoustolith) and the others normal tiles of two types manu- 
factured in Woburn, called National or Ohio. 

The ultimate compression stress was between 2460 and 5152 lbs/sq. in (17.3 and 
36.3 N/mm?) with an average value of 23.8 N/mm?. This value was considerably higher 
than that obtained in the 1887 tests (14.21 N/mm?), which is probably due to an improve- 
ment in the quality of the materials (cement and tiles). The number of layers in the speci- 
men and the overall dimensions do not seem to have influenced the final results, but the 
type of tile did, with the Ohio type being stronger (average strength 27.4 N/mn?) than the 
National type (average strength 21.1 N/mm?). 
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Figure 12. Drawings of specimens on which the 1927 tests were carried out. Top: Compression test 
specimen; centre: Tension test specimen; bottom: shear test specimen. The dimensions are in inches 
(Guastavino Fireproof Construction Company architectural records). 


In the tension test, a centred load was applied to eight specimens of 30 x 12.5 in 
(76 x 32 cm) and thickness of five tile layers (7 in, 18 cm). The dimensions of the tiles and 
the intermediate mortar layer were the same as for the compression tests. Again, National 
and Ohio tile types were used for the specimens constructed. An iron bar was inserted in- 
side the specimen (fig. 12, centre) probably to apply the load. In this case, the total ultimate 
forces were given. Dividing this force by the area perpendicular to the plane of the applica- 
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tion of the force (32 x 18 = 576 cm?), we obtain breaking stresses of between 1.2 and 
2.3 N/mn, with an average of 1.97 N/mm?. This result is identical to that obtained in the 
1887 tests. Unlike the compression test, the tension test resulted in a higher average break- 
ing stress for the National type (2.1 N/mm?) than for the Ohio type (1.83 N/mm?). 

Finally, for the shear-punching test, a load was applied in the centre of a 20 x 20 in 
(50 x 50 cm) specimen, made of four sheets of tile (5.5 inches, 14 cm thick), using a steel 
cylinder 4 in (10 cm) in diameter. The distance between supports was 16 inches (41 cm), 
see figure 12, centre. The Ohio type again was stronger than the National type (as was the 
case in the compression test) but it is difficult to obtain an average since only one test was 
completed for the first type. 


Strength Tests on Specimens, 1935 


A complete series of tests, similar to those performed in 1927, involved specimens of dif 
ferent sizes; they were tested for shear-punching, bending and compression. Neither the 
date nor the place of manufacture of the specimens was indicated, but it was stated that the 
tests were carried out at M.I.T. under the supervision of H. G. Protze, director of the testing 
laboratory, and Professor A. F. Holmes, between 31 January and 31 May 1935. The only 
variation from the previous ones was that, among the types of tiles tested, the Akoustolith 
type (a special piece developed in collaboration with the acoustics physicist Wallace 
Sabine, to reduce reverberation in the vaults) appears for the first time in all the layers of 
some specimens. Tests had shown that it is less resistant than the others. It was also less 
dense (the weight of Akoustolith specimens was 60% of the weight of ordinary tiles). In any 
case, these pieces were used as facings, for the bottom layer of the vaults, so it does not 
seem that the strength or stiffness of these pieces was an important factor for them. 


TESTS IN SPAIN 


In Spain, tests on tile vaults were scarce and later than in other countries. Some reasons 
why may be: 

—Tile vaults were a common construction method, documented since at least the 14th 
century and included in all the treatises on architecture and construction published since 
Fray Lorenzo (1639). Unlike in France and England, it was not necessary to promote any 
new system. 

—It took longer for Enlightenment thought that required scientific demonstrations to 
arrive in Spain. It was not until the last years of the 19th century or even the first years of 
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the 20th century that we find this mentality in Spanish treatises. This was also the time 
of the first tests. 


Tests by Military Engineers, 1891-92 


Tests were made by the engineer Captain Luis Monravá at his Barcelona headquarters and 
published in two issues (Il y VII) of Memorial de Ingenieros, 1892. The context of these 
tests was to explore monolithism: if the vaults were laid with cement, they could resist 
bending and so be used in new places, such as walls of water tanks. Two tests were conduct- 
ed. On a rectangular water tank with a side of 8 m (fig. 13), a vertical vault was built, with 
different shapes in plan. The tank was filled with water until it broke, and the height of 
water and the shape of the fracture was recorded. In the first test (1891) the tank was closed 
by a 2 m high, curved partition wall. The shape in plan was a segmental arch, with a radius 
of 18.75 m and a rise of 0.50 m (rise-span ratio = 1/17). It was built with three 1.5 cm tile 
layers, laid with cement mortar, and finished with a covering of 1:3 cement mortar and a 
layer of pure cement, for a final thickness of 8 cm. The cement used was from San Juan de 
las Abadesas.?! Once the wall was dry, the tank was filled with water until it reached 2 m 
high, which then was maintained for 40 days. The tank remained intact. 

The simplest way to analyse this test is to divide the vault into horizontal slices and study 
one of them. The line of thrust of a load perpendicular to the surface on which it strikes, 
such as the thrust of water, is an arc of a circle. This is just the shape of the vault, so 1t is 
perfectly possible to draw a thrust line within its thickness, which will coincide with its 
middle surface. So, it was not necessary for the masonry to resist tension to withstand the 
thrust of the water, and the compression produced was less than what would have cause it to 
break. 

Studying the most stressed arch, which is the lower one: with a height of 2 m of water, it 
supported a load of 20 kN/m. Drawing the thrust line, we find that masonry was subjected 
to a compression force of 375 kN/m (fig. 14). Considering the thickness indicated (8 cm) 
and 1 metre depth (resistant area 100 x 8 cm), a compression stress of 4.7 N/mm? is pro- 
duced, which can be perfectly resisted by the tile masonry, with the maximum values al- 
ready mentioned. 

Thus, it was reasonable that the vault could stand the pressure of 2 meters of water for 
40 days. But the author of the article thought that the resistance was due to the cement: 
“With purer cement (...) 1t would undoubtedly have withstood significantly more stress, 
despite the very small ratio between rise and span”? Memorial del Cuerpo de Inge- 
nieros,189La, 55). 
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Figure 13. Plan of the tank in which the Spanish experiments of 1892 were carried out, with the 
curved closing partitions. Although the wall of the first test (1891) is not drawn, 1t is made on the 
same tank (Memorial del Cuerpo de Ingenieros 1892b, 252). 


The second test (1892) was carried out on the same tank as the first one. Three walls 
(fig. 13) were built in it, with the same materials: 

—One in the form of a lowered circle arch, with a radius of 19.60 m, span of 8.88 m, and 
a rise 0£ 0.57 m (rise to span ratio = 1/15.6). This was a double wall: three layers of tile on 
the inside and two on the outside, connected by brick pillars of 45 x 45 cm spaced 90 cm. 

—A straight wall formed by three tile layers 

—A curved wall, traced with a flexible bar, with a shape similar to that of the staircase 
vaults 

The three walls were slightly embedded in the floor (6 cm) and, as shown in the draw- 
Ings, also in the side walls of the tank. 

The test began by filling the triangle behind the wall ef with water (fig. 13). When the 
water reached a height of 1.40 m, a vertical crack opened about 60 cm from e and the wall 
broke, “with only about 0.30 m left in the embrasures cut vertically as if with a saw”2 
(Memorial del Cuerpo de Ingenieros 1892b, 253). When the wall ef' broke, water filled 
the space abf. More water was poured in, until a height of 2.50 m was reached. At this 
height of water, the partition began to crack, in a similar manner as before. When this 
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new wall broke, the water filled the entire back of the double abcd wall. Water continued 
to be added until it reached 3.62 m in height. The water was left in the tank for a month, 
and the wall remained intact. 

CIRCULAR THRUST LINE (DUE TO A LOAD PERPENDICULAR 


TO THE SURFACE OF THE VAULT) COINCIDENT WITH ITS 
MIDDLE LINE 
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DRAWING THE FUNICULAR POLYGON OF THE THRUST LINE 
CONTAINED IN THE VAULT, WE OBTAIN A THRUST OF 375 
KN, THE SAME FOR ALL THE SECTIONS OF THE ARCH, 
SINCE THE RADIUS VECTORS ARE ARCS OF CIRCLE 
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Figure 14. Thrust line in the tested vault, for the maximum water load of 20 kN/m, perpendicular to 
the vault's extrados (Drawings: Author, 2021). 


The last wall, a double one, was the strongest. As its plan is a circular arch, the conclu- 
sions of the first test are valid also for this one: the thrust line has the shape of a circular 
arch, and therefore it is very easy to draw it in the thickness of the wall. The compression 
force to be withstood by the vault is 615 kN/m; considering the resistant section of the walls 
(about 100 x 13 cm) the material tension was the same as in the first test, 4.7 N/mm?. As a 
final observation about these two tests, 1t should be noted that the two walls whose shape 
was an arc of a circle, in which a thrust line contained in the thickness of the masonry can 
be drawn, resisted without breaking. Those that did not have the appropriate shape (the 
straight wall and the one with the shape of a staircase vault) did break during the test. 


Juan Bergós Tests 


Juan Bergós (Lérida 1894-Barcelona 1974) was an architect; a friend and biographer of 
Gaudí; and a professor at several technical schools in Barcelona. He carried out many tests on 
tile vaults (he himself, in the introduction to one of his books, states that there were about 500) 
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from 1919 to 1965. These tests have not been studied in depth in this text, because there are so 
many, enough for a separate article. Juan Bergós details his tests in two books: 

—The first was written in 1953: Materiales y elementos de construcción, estudio experi- 
mental. It was a compilation of tests carried out in the laboratory of the Universidad Indus- 
trial de Barcelona, in connection with subjects taught by Bergós at that university. There 
were tests of all types of construction materials. 

—In 1965, Bergós wrote the book Tabicados huecos. In it he made a complete study of 
different elements built with tiles, such as partition walls and arches of different shapes, 
focusing on the effect that buckling can have on them. The aim was to lay the basis for fin- 
ishing the large church Sagrada Familia in Barcelona using this technique. He concluded by 
presenting tables showing the maximum loads that could be supported by different type of 
vaults, although in many cases, it is difficult to find the relationship between the tests car- 
ried out and the results obtained. 


CONCLUSIONS 


This study examines various tests carried out on tile vaults and analyses those for which 
numerical data could be found or could be deduced from images. The first documented tests 
were carried out in France in the late 18th century, in the context of validating an unknown 
construction system, and were especially oriented to obtain the approval of the Academy of 
Architecture. 

Throughout the 19th century, many tests of vaults were made in France, somewhat less 
so in England. Most of these were load tests, in which the admissible load for a specific 
geometry was sought. They were carried out on the most common type of vault, one with a 
very low circular profile, loaded with a very high but evenly distributed weight. For this 
geometry and these loads, 1t is always possible to draw a parabolic thrust line inside the 
vault, Breakage occurs when the tiles break by compression, under surprisingly large loads. 

D'Olivier”s interesting test was different, as he sought to measure experimentally the 
thrust caused by a tile ceiling, with the explicit alm of refute the monolithic theory proposed 
by d'Espie (1754) and repeated by Blondel and Patte (1771-77). 

Rafael Guastavino was the first to carry out strength tests on specimens. He carried out 
the most complete series in the United States, following his arrival in 1881. The purpose 
was similar to that in France a century earlier: to validate an unfamiliar construction sys- 
tem. His first tests, carried out in 1887, from which he obtained compression and tension 
strength values, would be a reference for many later authors, especially those who followed 
the elastic-resistance approach. 
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Tests were not carried out in Spain until the last years of the 19th century. The first ones 
were conducted by military engineers from Barcelona, who looked for the maximum height 
of water that a vault could withstand, with the aim of using the findings for designing water 
retaining walls. 

Most of the tests confirm that 1t is always possible for the tile vaults, as for any other ma- 
sonry, to find an equilibrium solution in which the vaults are subject only to compression 
forces. 


NOTES 


1. The expansion of plaster when setting and thus increased thrust of the vaults has been a recurrent 
theme since the end of the 18th century. Blondel and Patte (1771-77) wrote that this is the only reason 
for the thrust of these vaults. 


2. “Plusieurs Membres de 1” Académie-Royale des Sciences, $ de celle d'Architecture, qui avoient été 
invités pour présider á cet essai, remarquerent que cette voúte ne dut son salut qu'aux deux tirants.” 


3. In Blondel and Patte (1771-77) it is written “ce qui fit un poid d'environ de 130 milliers” 
130,000 lbs = 636.35 kN. This total load value is consistent with a 3 ft (0.97 m) height of sand; it 
equates to 17.15 kN/m? own weight. 


4. Itis difficult to determine the compression breaking stress of a tile vault as it is made of two differ- 
ent materials: tiles and mortar. Different authors tested specimens in the late 19th and 20th centuries: 
Guastavino, in 1887, obtained an average breaking stress of 14.21 N/mm? (Guastavino 1893, 59); 
Bergós, in 1965, found cubic specimens broke at a higher average of 21.5 N/mm? (Bergos 1965, 29). 
In both cases the mortar was Portland cement. 


5. Guastavino was aware of this fact and published it in his book (Guastavino 1893, 63). 


6. Claudel and Laroque ([1850] 1870, 473-474) described numerous works made with tile vaults, 
some of them built by the authors. 


7. “Je me suis assuré d'abord que la voúte a une poussée, résultat qui n'est pas sans importance, vu 
que 1'on a souvent dit et imprimé que ces sortes de voútes n'avaient pas plus de poussée qu”une tuile 
creuse posée sur une table, ou qu'un couvercle de chaudiere, ce qui est une erreur qui a occasionné 
Pecroulement de plus d”un édifice, et qu'il importe de refuter.” 


8. Fray Lorenzo de San Nicolás suggested a wall thickness of L/5 to support the thrust of tile vaults 
San Nicolás ([1639] 1989, 31-31v). 


9. It 1s most likely that d'Olivier carried out a single test. At the end of his article, he specified that 
whoever needs to build vaults of a different shape can make a similar test. Later, Lagarde wrote 
“M. d'Olivier n'a pas fait d'experiences sur des voútes plus epaisses ni d'un plus grand diamétre” 
(Lagarde 1849, 98). 


10. Claudel and Laroque's book Pratique de l'art de Construire appeared in several editions, the first 
in 1850. Claudel was a civil engineer and professor of mechanics, while Laroque was a builder and 
also the director of a cement factory in Vassy, France. 
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11. The Bourgogne brick was commonly used in Paris and was 22 x 11 x 5 cm in size, smaller than 
other bricks used in France (Claudel and Laroque [1850] 1870). 


12. Hollow bricks began to be made at this time with the development of new machinery. Claudel and 
Laroque ([1850] 1870, 75) described the method of manufacture as new and increasingly common. 


13. The dimensions are the usual ones for industrial buildings of the time, in France, England and 
Spain. 


14. At least, I have not found it. 


15. For a comprehensive study of the spread of vaulting from Roussillon in France to England, see 
Bannister (1968). 


16. To convert the measurements to SI, values equivalent to those of the Imperial Unit system, used 
in England since 1824, have been applied: length 1 in =2.54 cm and 1 ft= 12 in= 30.48 cm; weight: 
1 Ib=0.453 kg and 1 cwt (hundredweight) = 112 lb = 50.8 kg. 


17. See note 5. 


18. In all of Guastavino's tests in the U.S.A., units of measurement are foot and inches, and the loads 
are expressed in pounds. For conversion to Sl, the customary unit system in the U.S.A. has been used 
(very similar to the English Imperial Unit system), which was in use there at the time of the tests: 
length, 1 in=2.54 cm and 1 ft=12 in= 30.48 cm; weight, 1 lb=453.6 gr=4.54 N. 


19. When the Guastavino Company closed, Professor George Collins rescued its records and in- 
corporated them into the Catalan Archive of Art and Architecture at Columbia University. It is 
currently preserved as The Guastavino Fireproof Construction Company architectural records, 
1866-1985, in the Department of Drawings 8 Archives, Avery Architectural % Fine Arts Library, 
Columbia University. 


20. Although not stated in the report, cinder concrete was supposed to be lighter than sand and gravel 
concrete. 


21. In the second half of the 19th century, numerous manufacturers of natural cement obtained by 
calcining calcareous clay-limestone from the Pyrenees established themselves near Ripoll and San 
Juan de las Abadesas. In those years, there were still no good quality and uniform artificial cements in 
Spain. 


22. “Con cemento más puro (...) hubiera resistido, sin duda, presiones mucho más considerables, no 
obstante la pequeñísima relación entre la flecha y la luz.” 


23. “... quedando solamente en los empotramientos unos 0,30 m cortados verticalmente como con 
una sierra.” 
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Guastavino Vault Design and 
the Role of American Engineers 


John Ochsendorf 


When Rafael Guastavino Sr. immigrated to the United States with his son in 1881, his timing 
was fortunate. There was an immense demand for construction, and the next thirty years 
would see the tallest structure in New York City increase from the stone towers of the Brooklyn 
Bridge (85 m) to the steel frame of the Woolworth Building (241 m). This same period expe- 
rienced a dramatic increase in the professionalization of engineers, with new university de- 
gree programs, formal design codes for iron and steel structures, and the emergence of rein- 
forced concrete as a dominant structural system (Uihlein 2016; Peters 1996). By establishing 
a foothold in American construction in the 1890s, the Guastavino Company was able to ope- 
rate outside of the formal building codes which would soon be governed by professional en- 
gineers. In this early period of the Guastavino Company”s work, they did not perform structu- 
ral calculations, but they operated strategically with the endorsement of several engineers. 

Rafael Guastavino Sr. (1842-1908) and Rafael Guastavino Jr. (1872-1950), both worked 
closely with American engineers to advance the acceptance and dissemination of the tile 
vault in the late 19th and early 20th centuries. This paper identifies specific engineers and 
the key roles that they played in securing professional confidence in Guastavino construc- 
tion. In particular, Gaetano Lanza (1848-1928) introduced material testing, William Wallace 
Ewing (1866-1928) contributed load testing, and Nelson Goodyear (1873-1917) utilized 
graphic statics on a Guastavino dome. Each of these contributions served to validate and 
establish the structural safety of Guastavino vaults prior to 1910, which allowed the com- 
pany to expand from coast to coast with hundreds of tile vaulted buildings in the ensuing 
decades. The engineering validation was not necessary for the Guastavino Company to de- 
sign safe structures, but it was useful to convince skeptical clients and building authorities 
of the safety of this new system in American construction. 


128 John Ochsendorf 
COMPLEX BRICK DOMES WITHOUT ENGINEERS 


The Guastavino Company successfully constructed thousands of structural tile vaults with 
almost no input from professional engineers. In particular, Guastavino Sr. is directly res- 
ponsible for a series of very impressive structural tile domes in the late 19th century, which 
he designed with no known surviving calculations (Ochsendorf 2010). These domes were 
each designed with a deep understanding of dome geometry and mechanics, as well as the 
inherent dangers of tensile hoop stresses at the base of hemispherical masonry domes 
(Heyman 1997). While the documentation of works by Guastavino Sr. in this period is not 
complete, the surviving documents in the Guastavino/Collins Collection at Avery Library 
do not indicate that he was calculating the internal forces, nor that it was necessary for him 
to do so. 

The first such dome is the La Massa Theater in Vilassar de Dalt just north of Barcelona. 
This was Guastavino”s final project before leaving Spain for New York in February of 
1881, and its originality and geometry are striking (fig. 1). The shallow spherical dome is 
supported by iron columns, and the outward thrust at the base is contained by buttressing 
vaults and an embedded iron band. This impressive 5 cm thick ribbed dome spans 17 m 
with a rise of 3 m and a central oculus of 4 m in diameter. It is not known how Guastavino 
Sr. computed the size of the iron band required, or ifhe was operating solely from intuition. 
Huerta (2003) has demonstrated convincingly that Guastavino Sr. exhibited contradictory 
behavior in relation to the structural mechanics of tile vaults. On one hand, Guastavino ar- 
gued that the “cohesive vault” resists tension and has no horizontal thrust, while simulta- 
neously, he installed iron ties and buttresses to resist the outward thrust. It is now well un- 
derstood that brick vaults, even of the type constructed by Guastavino, behave similarly to 
any masonry structure that is strong in compression and weak in tension. Despite centuries 
of conjecture about the lack of horizontal thrust, tile vaults exert horizontal thrust on their 
supports under gravity loading. On an aesthetic and preservation note, the La Massa dome 
was originally covered in plaster, as with all Guastavino domes in Spain, but a recent reno- 
vation has exposed the brick interior as an homage to the Guastavino Company”s standard 
practice in American projects. 

As a new immigrant who did not speak English and did not have social connections to 
reach architectural clients, Guastavino Sr. struggled to find architectural work in his adop- 
ted country. In 1889, architects McKim Mead and White provided him with a large contract 
to build tile vaults in the Boston Public Library, and he founded the Guastavino Fireproof 
Construction Company (plates IV). As part of this project, Guastavino took the first steps 
toward gaining regulatory approval for this construction system, conducting a load test in 
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Figure 1. La Massa Theater, Vilassar de Dalt by Rafael Guastavino, Sr., 1880 (Source: La Massa Theater). 


April of 1889, working with engineers to create calculation tables for his arches, and pu- 
blishing his book on cohesive construction (Guastavino 1893). His lecture to the Society of 
Arts at the Massachusetts Institute of Technology (MIT) in October of 1889 provided a 
platform to promote tile vaulting to the leading Beaux-Arts architects of Boston and he 
soon gained a number of important commissions. The Boston Public Library project di- 
rectly led to three large domed buildings in the greater Boston area in the next few years: 
the Central Congregational Church of Providence, the Bristol County Courthouse of Taunton, 
and the Grace Universalist Church of Lowell. Each project is worth considering to see how 
Guastavino Sr. used his experience in Spain to design domes in the 1890s with minimal 
input from engineers. In all three projects, Guastavino”s structural solution is also the archi- 
tectural solution, demonstrating the versatility of his design abilities. 

The Central Congregational Church of Providence, completed for architects Carrére and 
Hastings in 1893, is the first large Guastavino tile dome in the United States. The two archi- 
tects were nearly 20 years younger than Guastavino Sr. and this church is one of their first 
completed works. Guastavino exerted a heavy influence on the architectural design, which 
can be seen on both the church interior and exterior (fig. 2 and plate V). The dome is 16.5 m 
in diameter and the central lantern weighs 22 tons. Very little documentation has been 
found for this project, but it does not appear as 1f Guastavino Sr. produced calculations or 
justifications for the dome design. The project is similar to 18th century domed churches in 
Spain and it seems likely that Guastavino proceeded from careful study of precedents as 
well as his intuition. 
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Figure 2: Central Congregational Church, Providence by Guastavino Sr. for architects Carrére and 
Hastings, 1893, as photographed in 1906 (Source: Wikimedia). 


At the same time, Guastavino Sr. designed and supervised the construction of the tile 
vaulted interior structure ofthe Bristol County Courthouse, 30 km to the east of Providence 
for architect Frank Irving Cooper (1867-1933). Again, Cooper was 25 years younger than 
the elder Guastavino and had only opened his own practice in 1890, following the untimely 
death of his mentor, leading Boston architect H.H. Richardson (1838-86). It seems likely 
that the experienced Guastavino drew up the design for the structure and took control of the 
project, and the fact that they did not collaborate on any further projects may suggest that 
Cooper did not appreciate being sidelined by the elder Guastavino. Cooper”s massing of 
the courthouse design is Richardsonian, with a gabled roof and a central stone tower. 
Richardson designs were often built with a stone exterior and a timber-framed interior, and 
were therefore vulnerable to fire. Guastavino”s elliptical domes and tile vaulted roof framing 
provided greater fire resistance and also demonstrated the versatility of tile vaulting for 
various architectural styles. Though one detailed section drawing survives in the Guastavino/ 
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Figure 3: Bristol County Courthouse tower dome, Taunton, by Guastavino Sr. for architect Frank 
Irving Cooper dated July 19, 1893 (Source: Guastavino/Collins Collection, Avery Library). 


Collins Archive at Avery Library (plate VI), there are no known documents containing cal- 
culations for this complex structure. It is particularly noteworthy that the dome geometries 
are elliptical (over the courtrooms) and conical (over the tower), since his other dome pro- 
jects in this period are predominantly spherical geometries (fig. 3). 

The final structure from the 1890s to consider is the largest Guastavino dome constructed 
until this point: the Grace Universalist Church in Lowell, known today as the St. George 
Greek Orthodox Church. This 21.3 m spherical dome was likely designed by the elder 
Guastavino, but the construction was supervised by then 23-year-old Guastavino Jr. (fig. 4 
and plate VIT). They minimized the formwork required by building the dome in concentric 
rings. The upper portion ofthe dome is unreinforced and is only 10 cm thick. Furthermore, 
the use of intersecting barrel vaults at approximately 50 degrees from the crown of the 
dome demonstrates an empirical understanding of the change of hoop forces from compres- 
sion to tension in this region of a spherical shell. And the placement of iron reinforcement 
at the intersection of the dome and the barrel vaults also demonstrated a clear understanding 
of the need for tensile hoop reinforcement in spherical domes. 
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In the text of an unpublished lecture some years later, Guastavino Jr. stated that: 


Its construction presented some difficulty [on] account of the unprecedented size and the 
fact that 1t was penetrated at four sides by large barrel vaults and penetrations, and par- 
ticularly to the fact that the dome could not be closed until the construction reached a 
point above the penetrating vaults. However, the work was carried on self-supporting 
without an appreciable amount of centering, which was used mainly in the upper portion of 
the dome. (Guastavino Jr. n.d.) 


All four of these domed structures from 1881 to 1895 still stand today as impressive 
examples of Guastavino Sr.'s empirical understanding of tile vaulting construction. Until 
the early 1900”s, Guastavino father and son were building large tile vaults without calcula- 
ting the internal forces or the support reactions in any consistent way. While it is intriguing 
to attribute this to individual genius and intuition, it is also clear that Guastavino Sr. was 
steeped in centuries of tile vaulting achievements in Spain. In particular, the influence of 
master architect Juan Jose Nadal (1690-1763) cannot be overstated. Vegas and Mileto 
(2011) have uncovered the vital link that Guastavino Sr. was a direct descendent of Nadal, 
and that he likely visited and studied tile vaulted projects by Nadal in his youth. Therefore, 
Guastavino Sr. is operating within a Mediterranean tradition of construction that had been 
refined by master builders like Nadal for centuries. Guastavino Sr. received an excellent 
technical education in Barcelona, with particular skills in descriptive geometry, but his abi- 
lity to design safe masonry domes owes a great deal to 18th century design methods for 
traditional masonry buildings in Spain. 

It would have been highly unusual if Guastavino Sr. had been accurately calculating the 
internal and external force reactions for these complex dome geometries. The calculation of 
internal forces in thin hemispherical shells was in its infancy in the 1890s. As Fuentes 
(2021) has demonstrated, researchers in Europe and the United States published a series of 
novel approaches for the equilibrium analysis of domes beginning in the 1870s. These 
methods were developed in parallel with the membrane theory for shells of revolution in 
the late 19th and early 20th century, which matured with the development of concrete shells 
in the ensuing decades (Kurrer 2008). Three-dimensional dome calculation methods were 
certainly not taught in Guastavino”s studies during the 1860s, so it is unlikely that Guastavino 
Sr, would have known of the latest scientific literature on dome analysis being rapidly deve- 
loped in the late 19th century. This topic would be taken up and extended by Guastavino Jr. 
some years later, as this paper will demonstrate below. 

While most Guastavino vaults were constructed with few to no structural calculations, 
and without involvement by engineers, it is important to stress that no known vault has 
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Figure 4: Grace Universalist Church by Guastavino Sr. and Jr. for architect William Chase, Lowell, 
1895 (Source: Guastavino/Collins Collection, Avery Library). 


failed in service. Of the tens of thousands of vaults that the company constructed from 1889 
until 1963, the safe design of such a variety of thin masonry shells is a remarkable achieve- 
ment. And the preceding section demonstrates that the engineering profession was not es- 
sential for the architectural and constructive achievements of the Guastavino family. 
Having established this clearly, it is useful to identify the roles played by three key engi- 
neers who helped the Guastavino Company to achieve greater legitimacy in a period ofin- 
creasing emphasis on engineering science and building codes. 


GAETANO LANZA (1848-1928) AND MATERIAL TESTING 


During the construction of the Boston Public Library, Guastavino Sr. met Gaetano Lanza, 
an early professor of mechanical engineering at MIT. Lanza was born in Boston to a Sicilian 
father who later taught Italian at the University of Virginia. It is likely that Guastavino 
could communicate more easily with him than with other Americans, and Lanza was of the 
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same generation as Guastavino, with a common Mediterranean heritage. Lanza conducted 
mechanical testing on tile and mortar specimens in the MIT laboratories in 1890 and provi- 
ded crucial validation for the Guastavino system, which was published as a table of elastic 
calculations in Guastavino”s book on cohesive construction. As Guastavino (1893) cites in 
his book: 


The preceding table of stresses is calculated by Gaetano Lanza, Ph.D., Professor of Applied 
Mechanics at the Massachusetts Institute of Technology. It gives the stresses or strains per 
square inch of the Timbrel Arches having a rise of ten per cent, of the span and supporting a 
distributed load of one pound to the square foot. The coefficient was taken from the tests al- 
ready mentioned (pages 58 and 59) as its ultimate resistance. 


There are no known examples where Lanza”s calculations were used by Guastavino in 
practice and the calculations have not been documented in any correspondence or drawings 
for tile vaulted projects in the Guastavino Archive. However, the table served the purpose 
of providing an aura of scientific authentication for Guastavino”s tile arch system. The ma- 
terial testing of tile arches was cited among Lanza”s scientific accomplishments upon his 
retirement in 1912, as well as on the occasion of the 150th anniversary of Mechanical Engi- 
neering at MIT (Department of Mechanical Engineering n.d.; Technology Review 1912), 
which also include two portraits of Gaetano Lanza at different stages of his MIT career. On 
examining the Guastavino text in more detail, he cites the compressive strength results 
on tile specimens conducted by the Fairbanks Scale Testing Company in New York from 
the early summer of 1887, and uses these values for his calculations, rather than any speci- 
men tests carried out by Lanza at MIT in 1890 (Guastavino 1893, 58). 

Lanza almost certainly met Guastavino when he lectured to the MIT Society of the Arts 
in October of 1889. At the time, MIT”s academic buildings were very near the construction 
site of the library, so its construction would have been a subject of considerable interest. 
Guastavino”s lecture was an important event for MIT at the time, and we are fortunate that 
a firsthand account was later published by his young accountant William Blodgett: 


Mr. Guastavino was a very interesting man and well educated, as he had been a student at 
the University of Barcelona. His method of construction appealed to the architects and to 
the professors at the Massachusetts Institute of Technology, and, as the Library was being 
constructed within a short distance from the old Technology buildings, it was not long be- 
fore he received an invitation to give a lecture or an address before the Society of Arts 
connected with the Institute, which pleased him very much, and on which he spent a great 
deal of time. His mental processes were very flowery and his English pronunciation very 


bad. He spent a great deal of time and other folks” time in getting his ideas into suitable 
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English. Night after night I went over his writings in broken English and Spanish trying to 
club them into good English and repeatedly he told me that I was spoiling the finish of his 
lecture. There was a graduate of Columbia with us then by the name of Mcllvaine who was 
doing drafting and we worked together on this task fearing all the while that we would be 
fired because we were so brutal. About a week before the wedding, Mr. T.M. Clark, one of 
the leading architects of the city at that time, said to me that while they all appreciated that 
Mr. Guastavino was very interesting and a genius, nobody could understand his English and 
he wanted me to get him to permit me to read the lecture so that they would understand it. 

It was a delicate situation, but Mr. Guastavino recognized his own deficiencies in that re- 
gard and assented. A day or two later, he had Mcllvaine and myself stand before him one 
night to see which one could do the best job, very much to our amusement. He finally de- 
cided on me and that Mcllvaine should make sketches on the blackboard while 1 was read- 
ing. (...) I wanted him to make a good appearance and 1 was afraid to tell him just what 1 
thought of his article, but I went upstairs again and asked him if he wanted this lecture to 
make sense, thinking that probably meant my finish. He asked me what 1 meant and 1 said 
the first sentence meant nothing. The second sentence was worse and I hadn*t gotten 
through the others, but they all looked the same. He seemed to have a great deal of confi- 
dence in me, said it was a “scandal” and told me to fix it myself and he and I stayed up 
until a very late hour that night going over the whole thing (...) There was a good and 
very high-grade audience in the lecture room of Rogers Building. Many of the biggest ar- 
chitects in Boston were present together with many of the men connected with Technology. 
Francis A. Walker, President, was in the chair (...) Shortly after the lecture was delivered, 
Mr. Guastavino took all the material, rewrote it largely to his own satisfaction, and had it 
printed. I do not think anybody understands it — certainly I do not. (Blodgett 1938) 


While Guastavino”s lecture was not an obvious success according to Blodgett, it nonethe- 
less exposed him to important architects in Boston and it led directly to his book on cohesive 
construction, which gave him professional credibility when published several years later 
(Guastavino 1893). This book publication, combined with Lanza”s calculations, and some li- 
mited load testing of a vault at the Boston Public Library, were sufficient justification for the 
Guastavino Company to construct dozens of buildings in the 1890s without an engineer being 
directly involved. Indeed, the three major domed buildings of 1892-95 described above did 
not appear to use any of the calculation methods developed by Lanza. There is one undated 
drawing with simplified calculations for the Boston Public Library by Guastavino Sr. from 
this period but it does not reference Lanza, and it appears to be more of an exhibition rather than 
a basis for design (fig. 5). In the dozens of drawings from this early period of the Guastavino 
Companys work, this is the only drawing to include any form of structural calculation at all. 
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Figure 5. Linen drawing with calculations by Guastavino Sr. for Boston Public Library arcade for 
architects McKim Mead and White ca. 1890 (Source: Guastavino/Collins Collection, Avery Library). 


In addition, a series of patents issued to Guastavino Sr. and Jr. in the 1880s and 1890s created 
a sense of proprietary invention for tile vaulting, but more importantly, the patents gave an 
aura of legitimacy to an unknown system (Ochsendorf 2005). The building code was not fully 
formed and structural engineers were not well professionalized in this period (Peters 1996). 
Things would change dramatically in the coming decades, but for the 1890s, Guastavino Sr. 
designed from experience and intuition, and not from calculation. 


WILLIAM WALLACE EWING (1866-1928) AND LOAD TESTING 


By 1900, the Guastavino Company was well established and had completed dozens of sig- 
nificant buildings, primarily in the Boston and New York markets. The success of the Boston 
Public Library, opened in 1895, led to numerous additional projects. And a successful fire 
test conducted in New York in April of 1897 added to the mystique of Guastavino vaults, 
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Figure 6. Load test on tile arch for the city of New York, supervised by William Wallace Ewing, 1901 
(Source: Guastavino/Collins Collection, Avery Library). 


which were quickly becoming legendary for their strength and fire resistance. In the media 
account of this event, the unnamed author cites the structure as “an ordinary Guastavino 
vault laid with three courses of tiles,” suggesting that the system was becoming well known 
by this period (Brickbuilder 1897, 75). An additional series of load tests were conducted by 
the New York Buildings Department under the direction of engineer William Wallace 
Ewing in 1901. The Guastavino Company used photos of these load tests in advertisements 
and promotional materials to demonstrate the remarkable strength of their tile vaults (fig. 6). 
There is much to be learned still about Ewing's life, but he moved to Spain shortly after 
this to oversee the construction of the Asland Cement Factory for several years. Ewing gra- 
duated from Cooper Union as a civil engineer in 1902 at the age of 36, and in the annual 
report of 1904, he was described as “superintending the construction of extensive cement 
works at Barcelona, Spain” (Annual Report 1904). A careful study of the Asland Cement 
Factory by Douet (2007) has demonstrated the role of William Wallace Ewing as engineer 
of record for the project, with particular responsibility for transferring the cement manufac- 
turing equipment from the United States. Based on similarities to his previous projects, as well 
as the sophistication of the geometry, there can be little doubt that Guastavino Sr. was heavily 
involved in the architectural design of the structures and the vaulting for the Asland Factory 
and that Ewing was merely signing off on the construction project. Because Guastavino was 
not licensed in Spain and was not able to return to his native country for personal reasons, 
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he executed the project through the hand and professional role of Ewing. Guastavino also 
likely collaborated with the Catalan architect Isidoro Pedraza de la Pascua (18??-197?), 
whose name is associated with the project, but who did not have a track record of large 
vaulted industrial buildings either before or after the Asland Cement Factory (also called 
the “Clot del Moro Portland Cement Factory”). The New York-based Spanish industrialist 
Jose Francisco de Navarro (1823-1909) was involved with Guastavino Sr. in the earliest 
Edison Power Plant as well as the Asland Factory, and as a major cement producer in this 
period with the Atlas Portland Cement Company, he played a key role in the project as well 
(Douet 2007). Further study is needed to fully understand the roles of each of these indivi- 
duals, who were all together in New York City in the early 1900"s. 

While Ewing's load tests were used to help promote Guastavino vaulting, it cannot 
be said that Ewing introduced new engineering concepts into the theory or practice of 
Guastavino construction. On the contrary, Ewing gained new professional possibilities 
through his association with Guastavino Sr., and his name is more known today for his 
work on the cement factory in Catalonia than for his role in overseeing the load tests on tile 
vaults. Guastavino”s agreement with Ewing was mutually beneficial and it demonstrates the 
extent to which Guastavino Sr. was again able to gain the collaboration of a younger engi- 


neer to advance his professional agenda. 


NELSON GOODYEAR (1873-1917) AND GRAPHIC STATICS 


The final engineer to be considered here is Nelson Goodyear, who created a fundamental 
breakthrough in the design and engineering of Guastavino vaults by introducing graphic sta- 
tics to Guastavino Jr. in 1906. The author had earlier argued for the role of Goodyear in intro- 
ducing graphic statics to the Guastavino Company (Ochsendorf 2010), based in part on a re- 
ference to Goodyear as Guastavino”s engineer by Allen (2004). It is clear that the Guastavino 
design of 9 May 1905 (plate VIII), served as the basis for Goodyear”s equilibrium study 
(plate IX) of 4 December 1906, which he conducted on top of the Guastavino drawing. This 
section will build on Goodyear's life and work, and will provide further evidence for the role 
of Goodyear in revolutionizing the development of Guastavino vaulting in this period. 
Nelson Goodyear was the grandson of the famed rubber inventor Charles Goodyear 
(1800-60), and he came from a family of innovators and technologists. He studied briefly 
at the Ecole des Beaux-Arts in Paris, and he was able to visit much of the great domed ar- 
chitecture of Europe. As an assistant to his uncle, the famed architectural historian William 
Goodyear (1846-1923), he also visited and documented numerous historical monuments, 
developing strong opinions about the importance of clear structural expression in architec- 
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ture. He later became famous for inventing an acetylene gas-light buoy used in the Panama 
Canal, before he died prematurely at age 44. Shortly after his death, the architect of St. 
Paul's Chapel, John Mead Howells (1868-1959), wrote a detailed tribute to Goodyear and 


praised him for admiring structural honesty in masonry architecture: 


His careful study of the cathedrals made him alive to the lack of simplicity and structural 
truth, not only in the many problems exhibited at the School, but in most modern churches 
(...) Goodyear carried the idea of constructional truth to a point of believing that a vault 
covering a church, which certainly looks like its roof from the inside, should be its roof in 
fact. In other words, the stone vaults should be so carefully designed and so honestly con- 
structed that the surface of the extrados should really be the roof; and that only false vault- 
ing or bad work need be covered by a second roof. (Howells 1917) 


Unfortunately, Howells does not mention collaborating with Goodyear on St. Paul's 
Chapel and he does not shed new light onto Goodyear's role in the project, but more can be 
gleaned from other sources of the era. 

William Goodyear published a glowing assessment of St. Paul's Chapel in The Brick- 
builder in December 1906, which gives new insight into Nelson Goodyear's role in this 
breakthrough project (Goodyear 1906). After summarizing Guastavino Sr.”s contributions 
to American architecture and extolling the falsehood of a cohesive system that does not 
thrust on the supports, Goodyear praises the 14.6 m chapel dome as “one of the very earliest 
completed churches in the United States (1f not the first) which is vaulted throughout the 
entire construction” (Goodyear, 1906, 263). Among many images of the chapel that 
William Goodyear includes, he publishes the graphic statics analysis by his nephew, Nelson 
Goodyear, which is dated December 4, only one week before the article is published. And 
he describes this achievement as follows: 


The stress diagram (see illustration) computing the thrusts of the dome is the work of 
Nelson Goodyear, consulting engineer for the architects. In justice both to Mr. Goodyear 
and to the Guastavino firm, 1t should be stated that this diagram represents the forces 
of thrust according to the gravity system and does not include the considerable additional 
element of safety which inheres in the cohesive system. This appears to be a very sensi- 
ble method of enlarging the margin of safety for the experimental stage in the construc- 
tion of self-sustaining domes. (...) For those familiar with graphic diagrams, the cohesive 
strains will be apparent in the stress diagram, and the cohesive resistance has been care- 
fully computed, and is definitely known, although 1t is reckoned as a margin of safety. 
(Goodyear 1906, 269) 
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Thus, it seems clear that Howells and Stokes hired Nelson Goodyear in the role of con- 
sulting engineer, and he applied equilibrium calculations to the Guastavino design drawing 
of the previous year. 

Once again, Guastavino Sr. appears to be driving the design of the entire project, perhaps 
still hurting from the loss of the adjacent Low Library project at Columbia in the previous 
decade. When one compares the Berea College Chapel by Howells and Stokes in the same 
period, it is obvious that St. Paul's Chapel owes a great deal to the vision of Guastavino Sr., 
who was about 25 years older than the young architects. Though the project was well under 
construction in 1905, it appears that Goodyear”s use of graphic statics created at least one 
major change in the project. As shown in a construction photo held at Avery Library (fig. 7), 
large flying buttresses were embedded within the pendentives supporting the dome in the 
four corners. And comparing the Goodyear drawing with the Guastavino drawing of six 
months earlier, Goodyear has proposed the flying buttresses to transfer the outward thrust 
of the dome down to the foundations, and this structural element was not present in the 


Figure 7. Construction photo of St. Paul's dome, showing flying buttresses that exist in Goodyear”s 
drawing, but not Guastavino”s (Source: Guastavino/Collins Collection, Avery Library). 
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Figure 8. Drawing 1A by Guastavino Jr. teaching himself graphic statics ca. 1907 for a 100-foot 
diameter hemispherical dome, showing the exploded force polygons for clarity (Source: Guastavino/ 
Collins Collection, Avery Library). 
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Figure 9. Graphic statics used by Guastavino Jr. to generate the geometry of a compression-only 
dome of revolution for the Girard Trust Company on September 5, 1907 (Source: Guastavino/ 
Collins Collection, Avery Library). 


earlier drawing by the Guastavino Company. Goodyear had almost certainly seen the article 
on computing forces graphically by Dunn (1904), and he expertly analyzed the Guastavino 
geometry and made a critical suggestion to improve the load transfer. Guastavino Jr. must 
have been both humbled and inspired by Goodyear”s analysis. 

While Guastavino projects in early 1906 proposed daring geometries without any structu- 
ral analysis (for example the Elephant House of the Bronx Zoo), there is an explosion of 
graphic statics in nearly every major Guastavino project from 1907 to 1909 (Huerta 2001; 
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Ochsendorf 2010). In particular, there are undated drawings in the Guastavino archive for a 
“100 foot dome” which implements the graphic statics analysis for a hemispherical tile dome 
(fig. 8). This 1s almost certainly done by Guastavino Jr. in this period as he taught himself 
graphic statics, and he learned to compute the required tensile forces to restrain the outward 
thrust of brick domes. And the experience was so exhilarating and transformative that 
Guastavino Jr. was able to alter the geometry of projects already under construction to better 
align with the flow of forces, such as the Girard Trust Company for McKim Mead and White 
in Philadelphia in September of 1907, in which the compression-only form departed from 
classical hemispherical domes (fig. 9). He very quickly demonstrated a deep understanding 
of equilibrium design through graphic statics, and in the next three years completed some of 
the largest brick domes ever built as a result of learning graphic statics from Goodyear. 

Guastavino Jr. likely corresponded with the Scottish architect William Dunn (1859— 
1934) and shared recent tile dome projects with him. Following his earlier 1904 paper on 
domes and spires, Dunn then published another paper on the principles of dome construc- 
tion in 1908 in which he praised Guastavino tile domes “...as genuine a piece of construc- 
tive design as any of the Roman or medieval works.” (Dunn 1908, 111). When Guastavino 
Sr. passed away unexpectedly in 1908, Guastavino Jr. was well-positioned to continue the 
company?s work and as the structural engineering profession rose to challenge the legitima- 
cy of tile vaulting, Guastavino Jr. was now armed with the powerful technique of graphic 
statics. He would go on to build many of the most significant projects in Guastavino Com- 
pany history over the next few decades, and in fact, 1t is the son who contributed more to 
American architecture across a huge body of work. 


CONCLUSIONS 


This paper has demonstrated the role of engineers and structural calculations in the forma- 
tive years of the Guastavino Company from approximately 1890 to 1910. Guastavino Sr. 
designed the earliest projects, a series of very impressive thin tile domes, based on his 
knowledge of precedent projects in Spain. For these earliest projects, Guastavino Sr. did not 
require engineering validation and the company documents do not include evidence of pro- 
jects being designed with structural calculations. The contributions of engineers Gaetano 
Lanza and William Wallace Ewing were important for advancing the professional acceptance 
of Guastavino vaulting in these formative years in the United States, but the company did 
not use their engineering results directly. Lanza's calculation table and Ewing's load tests, 
together with a series of U.S. Patents, served as promotional materials to help gain accep- 
tance for this novel structural system. 
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The introduction of graphic statics was a seismic shift in the design of Guastavino vaults 
and domes, and the influence of Nelson Goodyear was greater than any other engineer for 
the growing prominence of the Guastavino Company in American construction in the years 
after 1906. Guastavino vaults before 1906 were designed in a less precise manner, and the 
embedded iron and steel bands were more necessary to cover this imprecision. After this, 
Guastavino Jr. accurately steered the structural geometry toward compression-only forms 
with graphic statics, and he precisely computed the size of any steel ties that were neces- 
sary. It is rare to be able to date a structural innovation so precisely, and 1t is now clear that 
the graphical analysis by Nelson Goodyear revolutionized the work of the Guastavino 
Company in 1906. The ability to calculate the forces in complex three-dimensional vaults 
allowed Guastavino Jr. to thrive as a designer over the next four decades, despite his lack of 
a high school diploma, much less an engineering degree, during an era of increasing profes- 
sionalization of building construction in the United States. 
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Plate I. View of Boston Public Library under construction, September 20, 1889, showing 
Guastavino tile vaults under construction inside and outside of the building walls 
(Photo no. 114 by Edward Stevens, Source: Boston Public Library). 
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Plate II. Rafael Guastavino stands on recently laid tile arch, Boston Public Library, 
April 8, 1889 (Photo no. 55 by Edward Stevens, Source: Boston Public Library). 
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Plate IM. Completed Guastavino tile vaults, Boston Public Library, April 11, 1889 
(Photo no. 56 by Edward Stevens, Source: Boston Public Library). 
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Plate IV. Load test for Guastavino tile vault with pile of bricks weighing 12,200 
pounds, Boston Public Library, April 20, 1889 (Photo no. 60 by Edward Stevens, 
Source: Boston Public Library). 
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Plate V. Interior view of Central Congregational Church, Providence, 1893 by Rafael 
Guastavino Sr. for architects Carrere and Hastings (Photo by Michael Freeman). 
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Plate VI. Undated linen drawing for Bristol County Courthouse by Rafael Guastavino 
Sr. for architect Frank Irving Cooper, ca. 1892 (Source: Guastavino/Collins Collection, 
Avery Library). 
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Plate VII. Linen drawing of Grace Universalist Church by Guastavino Sr. and Jr. for 
architect William Chase, Lowell, 1895 (Source: Guastavino/Collins Collection, Avery 
Library). 
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Plate VII. Drawing of St. Paul's Chapel by Guastavino Company for architects Howells 
and Stokes, May 8, 1905 (Source: Guastavino/Collins Collection, Avery Library). 
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Plate IX. Graphic statics analysis of St. Paul's Chapel by Nelson Goodyear for architects 
Howells and Stokes, December 4, 1906 (Source: Guastavino/Collins Collection, Avery 
Library). 
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The Congo Museum in Tervuren 
The Birth of Tile Vaulting in Belgium 


Paula Fuentes 


The Congo Museum (known today as the Royal Museum for Central Africa) was part ofa 
large colonial complex planned by the Belgian King Léopold Il in the municipality of 
Tervuren, a few kilometres from Brussels. The complex was commissioned to French ar- 
chitect Charles-Louis Girault (1851-1932) in 1901, but only the museum was completed. 
This building features vaults in many of its rooms, and the main space is covered by a two- 
shell dome with a span of 20 m. Different types of vaults were used, but the building is re- 
markable for the use of tile vaults, a technique that originated in the Mediterranean region 
and arrived in Belgium, with no known precedents, at the beginning of the 20th century. 
Tile vaults are built with light bricks, placed flatwise and forming thin surfaces. Tradition- 
ally, bricks are set with plaster mortar, in order to provide a fast and cohesive bonding dur- 
ing the construction that allows for the construction of the vaults with no centering. This 
characteristic, together with the vaults” lightness and versatility in adapting to different 
forms, has made tile vaulting a recurring technique over the centuries.' 

It is not only the tile vaults that make the Congo Museum so interesting. The archive of 
the Royal Museum for Central Africa includes priceless documentation about the muse- 
um's design and construction, including a collection of drawings for the construction 
donated by the architect in 1929. Later, in 1967, his son Maurice Girault donated a col- 
lection of correspondence and documents about the process of construction, including 
information on contracts, the chronology of the works, and problems encountered during 
construction (Luwel 1968).? For the present study, the main sources have been the folders 
containing masonry drawings (HA.01.0827.18, HA.01.0827.19, HA.01.0827.20)* and 
correspondence and other documents between 1901 and 1910 (HA.01.0827.7, 
HA.01.0827.8 and HA.01.0827.10).* For the latter, there are typewritten copies of some 
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of the letters sent by Girault, and some of the letters he received. It has not been always 
possible to follow the complete correspondence, but the documentation gives a general 
idea of the process. 


CHARLES LOUIS GIRAULT: A FRENCH ARCHITECT IN BELGIUM 


Born in Cosne (Niévre) in 1851, Charles Girault studied architecture at the École des 
Beaux-Arts in Paris. During his studies he was awarded with several prizes, including the 
first Grand Prix de Rome in 1880. The reward was a two-year stay at the Villa Medici, the 
French Academy in Rome. The drawings for the restoration of the Piazza d'Oro in Hadrian's 
Villa would be awarded with the Premiere Médaille in the Salon Annuel de la Societé des 
Artistes Francais in 1888. Very interested in ancient architecture, Girault travelled to Sicily, 
Greece, Tunis, Istanbul, and Asia Minor. 

Girault's professional career was very successful. He built several private buildings such 

as the Palais de l"Hygiene at the Exhibition of 1889, the tribune at Longchamp racecourse, 
the tomb of Louis Pasteur (in collaboration with Falguiére), and the monument to Professor 
Georges Dieulafoy at the Hótel-Dieu. But probably the turning point in Girault's career was 
the International Exhibition in Paris in 1900, when he won the competition to build the Petit 
Palais and was also commissioned to coordinate the works of the Grand Palais (designed by 
three different architects). These works gave him international recognition. 
Girault was appointed General Inspector of Civil Buildings, officer of the French Legion 
of Honour (1900), member of the Institut de France (1902), and President of the Societé 
Centrale des Architectes (1908-09) and of the Académie des Beaux-Arts (1910). He was 
also a member of the jury and the committee of the Societé des Artistes Francais and 
Président du Comité des Congres Internationaux. Despite these awards, when he died his 
colleagues from the École des Beaux-Arts lamented that he was more recognized abroad 
than in France: “Why (...) albeit that he carried France's artistic renown abroad, was his 
merit only recognized beyond its borders?”* (Tournaire 1932, 141).And in fact, Girault was 
the favourite architect of the Belgian king Léopold IL, who commissioned him with some of 
his most ambitious projects. In 1910 Girault was appointed Commander of the Order of the 
Crown of Belgium and in 1912 was made a member of the Académie Royale des Sciences, 
Lettres et Beaux-Arts de Belgique. He was also member of the Royal Institute of British 
Architects, and in 1920, he was awarded the Gold Medal of His Majesty the King of 
England for the advancement of architecture. Charles Girault died in Paris in 1932. 
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Charles Girault and Léopold ll 


Léopold II had several construction projects in mind. He asked French architect Honoré 
Daumet (1826-1911) to realize these projects, but the architect felt too old to carry out such 
an important enterprise and declined the invitation, recommending to the king his best stu- 
dent, Charles Girault.* In 1900 the king visited the International Exhibition in Paris, which 
included Girault's Petit Palais, and took the decision to employ Girault, who would be in 
charge of the colonial complex in Tervuren, the extension of Laeken Palace, the arcade of 
the Cinquantenaire, and a portico in Ostende. These works all progressed at around the 


same time. 


Figure 1. Charles Girault's portrait, 1919 (HP.1968.10.6-2, RMCA Tervuren collection, Charles 
Girault archives). 
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In 1897 Tervuren hosted the Congolese section of the International Exhibition and the 
king had the idea of creating an avenue joining the building with the Parc du Cinquantenaire. 
An arcade had been commissioned to architect Gédéon Bordiau. At the kings wish, Girault 
started to collaborate with Bordiau, and after Bordiau”s death in 1904, Girault took control 
of, and modified, the project. The project was finished in less than a year and inaugurated in 
September 1905. 

The extension of the Cháteau de Laeken, the kings official residence, started in 1902,” 
including two wings: on the east side, reception halls and a banquet hall, and on the west, 
the private apartments for the king, a chapel, and several buildings such as stables and a 
garage. According to Combaz (1905, 264) 6000 m? of vaults were built in this extension. In 
particular, the salle du manege was covered by a tile vault, 60 mm thick, with a span of 17 m. 
Auguste Fabre was the specialist contractor in charge of these vaults, and Belgian contrac- 
tors Charles Daussin and Gairin and Brochon collaborated with him.* Girault was also in 
charge of a portico in Ostende, between the Chalet Royal and the Wellington hippodrome. 
The works started in 1907. 

The king did not simply hire Girault; he was also actively involved in the projects, as 
described by the architect: 


His Majesty examined the projects submitted to him with an open-mindedness and a critical 
soundness that made any collaboration easy for those who had the good fortune to be com- 
missioned to carry them out. He liked to preview the arrangements to be adopted down 
to the smallest detail, and to follow their state of progress during the execution phase.” 
(Girault 1926, 139) 


The death of the king at the end of 1909 had a great impact in these projects, especially, as 


we will see, in Tervuren. 


THE COLONIAL COMPLEX IN TERVUREN 


The idea of a Congo Museum arose at the end of the 19th century, and after the Interna- 
tional Exhibition in 1897 in Brussels the Congolese Section in Tervuren become the first 
colonial museum. But the collection grew quickly, and a new building was needed 
(Luwel 1960). The history of the complex has been studied by Luwel (1960; 1968). A 
summary of this history, focusing on the museum, is given below. 
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In October 1901 the king asked Girault to build the big colonial complex in Tervuren, 
including the Congo Museum, an Overseas Museum, Hall of Physical Exercises, Grand 
Restaurant, a decorative construction in front of the Congo Museum on the other side 
of the canal, and some buildings at the eastern end of the canal.'* Several meetings be- 
tween Léopold II and the architect took place between October 1901 and 1903. The 
king was involved in the design process, examining the sketches with the architect and 
proposing modifications. The Congo Museum was considered the most important 
building of the complex: “I think that (...) the project implementation efforts should 
concentrate on the Congo Museum, which is the most important building in this com- 
plex, and it is therefore with the development of this monument that l intend to be- 
gin.”!! In April 1903, Girault produced a document with the technical specifications of 
this museum.'? Capitaine de Génie Thirifay was commissioned for the general direc- 
tion of the works, and Ernest Wouters-Dustin was selected as general contractor (Luwel 
1960, 32). In October, Baron Goffinet, Secrétaire des Commandements du Roi, asked 
Girault for the working drawings of the complex, and a description of the works and 
the materials to be used, so the contractor could elaborate the price schedule. He also 
informed him that the works could start in spring.'* On 24 November 1903 the architect 
sent Goffinet a general plan of the complex and ten drawings of the museum. The ar- 
chitect wanted to know if he could start with the monitoring wells and asked Wouters to 
order the materials. He also specified the organisation of the works (similar to the one 
already implemented for the Palace of Laeken) and the architect's fees. He would have 
a work inspector representing him at the site.'* 


Figure 2. Plan of the Colonial Complex in Tervuren, 1908 (HA.01.0827.18, RMCA Tervuren collec- 
tion, Charles Girault archives). 
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In January 1904 Girault received a copy of the contract signed on 31 December 1903 by 
Baron Goffinet on behalf of the Domaine de la Couronne and the État Indépendante du 
Congo, and by the general contractor, Wouters-Dustin. The contract specified that “The 
undersigned of the second part [Wouters] commits himself to carry out all the works to be 
done in Tervuren, of which the attached overall plan presented by Architect Girault gives a 
general idea. The Congo Museum, Overseas Museums, Colonial School, Restaurant and 
annex are valued in total at about fifteen million.”'* In the same month, Girault received the 
results of the monitoring wells and was actively working on the project in order to start the 
excavation in March.'* At the end of the month, he received Thirifay”s confirmation: “Every- 
thing is settled with Mr. Wouters; you can therefore order the carpentry and everything else 
relating to Laeken and Tervuren from him, except for the reservations made in Article 2 (1 
believe) of the Convention.”*” On 11 February 1904 the architect had finished the overall 
plan for Tervuren, “on which I have grouped, according to the King's wishes, all the 
planned constructions as well as the connection to the railway line.”** In March, Girault 
agreed to collaborate with architect Francotte as inspector of works; Francotte would start 
in April and work exclusively for the king.'”? The works started and progressed quickly dur- 
ing 1904. In May, Girault contacted Thirifay about the stone for the columns of the court- 
yard,? and in a few days he would give Wouters the drawings of the iron floors and the 
vaults of the basement. In the same letter, he also discussed the use of sandstone from La 
Rochette.?! In September there were 150 masons working on the museum building, and 300 
in December, when the basement was almost finished (Luwel 1960). 


Figure 3. Royal Museum for Central Africa (Photo: P. Fuentes 2020). 
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In March 1905, Girault informed Wouters that the Congo Museum would be open in au- 
tumn. He had already sent the drawings of the central pavilion, and he would soon send the 
drawings ofiits roof. The next building to be constructed would be the École Mondiale, and 
the king wanted to lay its foundation stone in July, meaning that building of the main hall 
needed to progress as quickly as possible.? This ceremony took place on 2 July 1905. However, 
Girault had already warned that the design of the École was still incomplete.? There is no 
documentation about the works during the summer, but the museum was not ready to open 
in autumn and would not be for several more years. A letter dated October 1905 shows a 
delay in the construction of the entablature and the walls of the courtyard. Francotte was no 
longer in charge of the inspection of the works, being replaced by architect Camaille.? In 
November the rotunda was being built and Girault sent the documentation for the construc- 
tion of the dome.*% At the end of the month, Girault was again concerned about a delay in 
the construction: 


According to the news Í receive from the building site, there does not seem to be much ac- 
tivity for the laying of this base [of the entablature of the cornice and the balustrade]; I am 
therefore inclined to conclude that the supply is not taking place and I am very much afraid 
that we will not be able to carry out the covering work any time soon. All the masonry of 
this building, which was perfectly dry, will once again fill up with moisture and will conse- 
quently delay the date of completion and the date on which it will be possible to prepare 


this part of the Museum. 


Girault wrote to the inspector of works, Camaille, asking him to speed up the order of stone 
for the sculptures of the balustrade. He also asked to be informed of unexplained delays.?” 
In December the dome was started. Around this time there are several notes about the con- 
struction of the vaults and the dome, which will be explained in detail below. 

At the beginning of 1906, there was some correspondence about the sculpture” and the 
finishing of the fagades: “I think the time has come to think about the refurbishment of the 
facades of the Congo Museum in Tervuren, as well as the execution of the stone sculp- 
ture.”2 In February 1906, Girault warned Camaille that the glass should not be installed too 
early before the air had dried the plaster well. The dome was progressing, but there was a 
delay in the balustrade and the attics.*% In March work on the interior finishing was about to 
start.3! In April 1906 Girault wanted to start the covering of the dome,*? and he was discuss- 
ing the finishing of the stone.** There is no more documentation until October 1906, when 
we can infer that the structural work was almost finished, and electricity, water supplies and 


sanitation were being discussed.** 
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Figure 4. Lateral fagade (1909) and section of the Congo Museum (n.d.) (HA.01.0827.18, RMCA 
Tervuren collection, Charles Girault archives). 


At the beginning of February 1907, the École Mondiale project was resumed, and Girault 
received instructions to start the design for this building.* Regarding the museum, letters 
from this year show the urgency to finish the building as soon as possible. But as we will see, 
it would still take three years to inaugurate the museum. In March 1907 the heating of the 
museum was being discussed,* and Liebrechts (the General Secretary of the Department of 
Interior, Congo Free State) urged Girault to work actively to complete the museum works.” In 
May 1907, Liebrechts asked Girault for the construction drawings of the École Mondiale and 
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urged again that the museum works “be pursued with the greatest energy.”** 


Girault replied 
that the works continued “methodically,” and it would be important to clarify the heating sys- 
tem and the completion of the fagades before execution.*? A cost estimate for the exterior 
sculpture is dated 7 May 1907, and the letters from May, June and July deal with the sculp- 
ture, the disposition of the collection in the museum, and the design of the École Mondiale. 
Discussion about this building continued in August, but the museum building is not men- 
tioned until September, when the interior and the disposition of the collection were again 
discussed.* Copies of an article in Le Journal de Paris, dated 26 September 1907, and ofan- 
other article (it is not known where was it published), explain that the works carried out by 
Wouters-Dustin for the king had been stopped during the summer and therefore the contractor 
asked for six million francs from the Domaine de la Couronne du Congo.*! However, it seems 
that these problems had more to do with Laeken and Ostende, where works were in fact 
stopped during the summer, while the École Mondiale had not been started. In October “the 
work is well under way in Tervuren and the interior installations can now be taken care of.”* 
On 6 November 1907, Liebrechts communicated to the architect that the works of the École 
Mondiale could start, and that he should notify the contractor.** 

In January 1908 the architect gave orders about the museum garden and there is evidence 
of some inactivity due to cold weather; however, he wanted to know about unexplained 
delays in order to urge on the contractors.* The architect was also dealing with the furni- 
ture.** In February, the contractor Monduit would start to work on the roofs of the muse- 
um.” In March, Girault asked Dufas (in charge of inspection of works during Camaille”s 
absence) to ask the contractor to put more effort into some of the outstanding works. The 
works were focused now on the exterior.* In June, Liebrechts urged the architect again to 
finish the museum as soon as possible. Girault replied by describing the state of the works. 
Only some finishing works were still pending inside, such as paint or electricity, while the 
works in the exterior had been delayed due to the bad weather and the “disorganisation” of 
the contractor.* In July a list of the works for the completion of the Congo Museum was 
sent to contractor Wouters-Dustin. The architect estimated that the contractor could com- 
plete the work in two and a half months,* and at the beginning of August he considered that 
the works to be done by Wouters-Dustin could be finished in October.*! However, at the end 
of October there were still some issues about the exterior works and the furniture.* During 
the last months of the year, the correspondence deals mainly with the inscription of the 
frontispiece, the painting of the canopy of the covered lateral egress stairs, the glasses for 
the small glass-dome, and the furniture.** 

During 1909, works in the museum building were related to the furniture and decoration. 
The works were not progressing quickly, because in July 1909 a new list was written up with 
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the tasks to be finished by Wouters-Dustin, and again Girault considered that they should be 
done in two or two and a half months.** The contractor undertook to complete them by the end 
of October, “even earlier in the case of interior work.”%* In August 1909 a new contract was 
signed to build the École Mondiale, Hall des Exercises Physiques, Pavillon des Conférences 
and Congrés Coloniaux.** However, at the end of the year the king died and the concern arose 
about the possible suspension of the works.” On 14 April 1910, Girault recommended that 
Camaille no longer take care of the museum because funding for the interior installations had 
run out. However, the museum was almost finished, and it was inaugurated on 30 April 1910 
by King Albert. By contrast, work on the École Mondiale and the other buildings belonging to 
the complex was definitively stopped on 31 May 1910.% 
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Figure 5. Plan of the Congo Museum (detail of drawing no. 654, HA.01.0827.18, RMCA Tervuren 
collection, Charles Girault archives). 


AUGUSTE FABRE: BUILDER OF THE VAULTS 


The museum is composed of the main building and two administration pavilions. The main 
building has a rectangular plan (ca. 125 x 70 m) with an inner courtyard (fig. 5). The resem- 
blance to the Petit Palais was pointed out at the time. The dome, in the middle of the main 
(south) gallery, was one of its most remarkable characteristics. 
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Several spaces in the museum are covered with vaults. Although the vaults were not 
among the named exceptions in Wouters-Dustin”s contract, he was not in charge of the 
vaults.* The construction of the vaults and the central dome was commissioned to Auguste 
Fabre, who was also in charge of the horizontal slabs, as stated in a letter from the architect 
to Camaille: “I must draw your attention to the vaults that Mr Fabre is currently building at 
the Congo Museum (...).” At this point, Auguste Fabre should be introduced. 
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Figure 6. Left: Advertisement by Fabre (La Construction Moderne 1931); right: Patent by Auguste 
Fabre, 1905 (Archives Générales du Royaume 2 - dépót J. Cuvelier, Brevets Belges). 


French contractor Auguste Fabre founded his company in 1896 for the construction of light 
vaults in hollow bricks (fig. 6, left). He built thousands of vaults in France, Belgium and 
Algeria. He worked in different types of buildings, including numerous churches but also 
other buildings such as chapels, theatres, cinemas, and palaces. Fabre patented several sys- 
tems for the construction of light vaults (Fuentes 2021c). One of these patents was concerned 
with the construction of tile vaults. He patented a system of ribbed vaults, using for the ribs 
either specially moulded bricks or four ordinary hollow bricks. For the webs in between he 
used the tile vault technique with flat hollow bricks (fig. 6, right). This system was built with 
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hollow bricks, 40 mm thick, with a weight of around 50kg/m?. The vaults were built with no 
centering and no reinforcement. Fabre also highlighted other characteristics, such as the insu- 
lation and the good acoustics provided by the hollow bricks. In the intrados, the vaults were 
usually covered by a simili-pierre, a plaster coat imitating stone (Fabre 1905). 


Figure 7. Dome of the Petit Palais under construction (Girault 1908). 


Auguste Fabre and Charles Girault had already worked together on the Petit Palais for 
the International Exhibition in Paris in 1900, The vaults of the Petit Palais gained the atten- 
tion of engineer A. da Cunha, who highlighted their speed of construction, economy and 
strength (Cunha 1900, 71). The central dome is especially remarkable, with a span of 24 m 
and a total thickness of 120 or 150 mm (fig. 7). Together with Girault, Fabre worked not only 
in the Congo Museum, but also in other buildings commissioned by the Belgian king such 
as the Royal Palace of Laeken and the Palace and Arcade of the Cinquantenaire (fig. 8). As 
we have seen, in these works Fabre collaborated with Belgian contractors. Charles Daussin, 
and Gairin and Brochon, mention in their advertisements their collaboration on the works 
in Laeken and Tervuren. Fabre was very likely responsible for the spread of tile vaults in 
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Belgium, which became very common until the middle of the 20th century, when several 
Belgian companies specialised in the construction of tile vaults and patents were issued 
(Fuentes 2021a). 


Palais Royaux de Belgique 
CHATEAU ROYAL DE LAECKEN, MUSÉE DE TERVUEREN, PALAIS DU CINQUANTEMAIRE, VILLA VENDERBONO, ETC. 
Monsicur GIRAULT, Architecte, Membre de l'Institut 


Touter les voútes et stucs de ces divers Palais exécutés par la Maison 


Grand Dóme de 

25 métres exéculé 
au Musée de 

0 Teroueren(Belglque) 


Figure 8. Booklet by Fabre (Simon Texier”s private collection). 


DESCRIPTION OF THE VAULTS 


There are several references to the construction of the vaults in written documents kept in 
the archive of the African Museum. We find a first mention in the technical specifications 
elaborated by the architect in April 1903. For the ground floor: “This floor forming cel- 
lars and deposits in almost all 1ts surface will have very low-raised vaults, in Boom bricks 
and cement over transverse arches made of Boom bricks and cement. (...) All the vaults 
will be covered with clinker or ash concrete with a cement layer to level off the main 
floor (...).”% There is no mention of voútes légeres. In May 1904, when the works had 
already started, a short reference to the vaults was made in a letter from Girault to Thirifay: 
“In a few days l am going to give him [Wouters] the iron floors and the vaults of the base- 
ment floor.”** The description in the 1903 technical specification and a comparison with 
the Petit Palais suggest that the basement contained regular vaults built with solid bricks 


(fig. 9). 
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Figure 9. Vaults of the basement of the Petit Palais under construction (Girault 1908). 


However, for the first floor, the description is different: “The vaulted elements: dome, 
gallery on the fagade, end pavilions, porticos in the courtyard, entrance on the Leuven road, 
will consist of light vaults with or without metal reinforcement. The dome of the Rotunda 
will be composed of two superimposed vaults also made of masonry. All ceilings and vaults 
will be plastered.”% Examining the construction drawings, we can see that Girault is speak- 
ing about tile vaults. A first layer of bricks flatwise, which is called in the drawings voúte de 
cintrage (centering vault, see fig. 10), acts as a permanent centering for the next layers of 
bricks, to be placed flatwise or in a radial position, and in a different number of layers, de- 
pending on the vault. When the span in small, the first single layer is enough. The bricks are 
around 50 mm thick (the dimension written in the drawings is 60 mm, which probably in- 
cludes the mortar). The short side must have a dimension around 100 mm and the long side 
around 200 mm. 
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Figure 10. Construction of the first shell of the dome. Note the term voúte de cintrage (detail of the 
drawing no. 225, HA.01.0827.19, RMCA Tervuren collection, Charles Girault archives). 


Lateral Galleries 


While the ground floor of the lateral galleries is covered with a horizontal slab, the upper 
part features a slightly pointed barrel vault with lunettes (plate L A in fig. 5). On December 
1905 Girault received some photographs from Camaille from which he could see that the 
construction of these vaults had begun. He warned: “I see that the hollow-brick vaults of the 
lateral fagades have been started. I hope that the springing of these vaults presses against 
the length of the iron beam that has been placed on the floor for this purpose, in order to 
neutralize the thrust of these vaults.”% The span is around 7 m, and they have a radius 
around 3.9 m. The photographs show that the vaults use a very simple means of construc- 
tion (fig. 11). Once the springing of the vault is built (fig. 11, top left), a light timber plat- 
form is placed over the level of the horizontal floor, so masons can easily reach the upper 
part of the vault with their hands. We can see the hollow bricks stacked over this platform 
(fig. 11, top right). The construction of these vaults is not specified, but the drawings sug- 
gest a tile vault with only one layer of bricks (ca. 60 mm, see plate 1). It can be seen in the 
photographs that some bricks are placed with their long side perpendicular to the vault, 
forming the lunettes. The form is given with very light centerings and it is possible to see 
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Figure 11. Vaults over the lateral galleries, under construction (HP.1968.10.6-41-44, RMCA Tervuren 
collection, Charles Girault archives). 


some buttressing walls between the vaults and the walls. In the photographs we can also see 
some masons standing over the part of the vault that was already built. A very simple and 
temporary structure is covering the vaults, protecting them from water (fig. 11, top right). In 
figure 11, bottom left, the horizontal platform has been removed, and it is possible to see 
the iron floor and the vault finished. 


Main Hall 


The main hall of the north gallery has a squared plan with 11.60 m sides, and is covered by 
a cloister vault with a skylight in the centre and lunettes (plates I-II; B in fig. 5). Accord- 
ing to drawing no. 177 (fig. 12), the vault is built with one layer of bricks flatwise (60 mm) 
and two layers of radial bricks (200 mm), with a total thickness of 260 mm. Over this vault, 
the horizontal floor is built with walls and small vaults (plates I-II). It can be seen under 


construction in figure 13. 
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2BROULEAUX 


Figure 12. Construction of the vault in the hall (Detail of drawing no.177, HA.01.0827.20, RMCA 
Tervuren collection, Charles Girault archives). 


Corner Pavilions 


Two corner pavilions mark the end of the south aisle. They have a dimension of 15 x 11.40 m 
and are covered by oval barrel vaults with the longitudinal axe in the direction of the prin- 
cipal gallery, and a quarter of a barrel vault next to the lateral fagade, with its longitudinal 
axe in the perpendicular direction (plate IV; C in fig. 5). Drawings no. 93 and 95 specify 
that they have a voúte légere independante de la charpente metallique du comble, and 


therefore we can conclude that they are built in the way described above, with a tile vault 
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Figure 13. Main hall under construction (HP.1968.10.6-27, RMCA Tervuren collection, Charles 
Girault archives). 


with hollow bricks as a centering, and additional layers of solid bricks. The geometry is 
specified in drawing no. 302 (plate IV). 


Open Gallery of the Courtyard 


This gallery (originally open but nowadays closed with glass) is covered by a barrel oval 
vault, with a span of 5.1 m (plates V-VIIL D in fig. 5). The construction is not specified, 
but the dimension in the drawings (fig. 15) suggests one single layer of bricks laid flat. The 
geometry of this vault varies in several parts, and the architect gives the necessary explana- 
tions for the geometry in plate VI — the vaults designated by the same letter have the same 
centering. The springings are at a height of 6.22 m. Arches C are concentric to the barrel B 
and have a radius 0.25 m smaller.% Barrel B is a semi-oval with three centres. The geometry 
is defined in drawing no. 114 (fig. 15). The corners of the gallery are covered by a groin 
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Figure 14. Open gallery of the courtyard (HP.1968.10.6-101, RMCA Tervuren collection, Charles 
Girault archives). 


vault formed by the intersection of two barrels B. The entrance to the lateral exhibition gal- 
leries is covered by the intersection of barrel B and barrel D. Barrel D (access to the gallery) 
has its springings and its keystone at the same level as barrel B. The groims MN and NP 
(intersection of both vaults) must be straight lines in horizontal projection. We can imag- 
ine that having these lines defined, the geometry in between could be achieved by a good 
mason with no more instructions. The detail of the geometry of the three sections (B, D, and 
the groins MN and NP) is given in plate VII. A different solution is given to the entrance to 
the main hall (B in fig. 5). The geometry is defined by contour lines in plate VIII. 


The Central Dome 


The dome is one of the main characteristics of this building (plates IX-XV, E in fig. 5). 
Situated in the axe of the museum, it divides the main gallery into two parts. It is a double 
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Figure 15. Gallery of the courtyard (Detail of drawing no. 114, HA.01.0827.20, RMCA Tervuren 
collection; Charles Girault archives). 


dome, with a pointed profile and a span around 20 m. In the centre, an oculus is closed with 
a small metallic glazed dome (fig. 16). Its importance was remarked at the time and consid- 
ered a singularity in Belgium: “The dome, open in the middle, will certainly be one of the 
artistic curiosities of the country.” 

A first mention of the construction of the central dome can be found in a letter from the 
architect to the inspector of works, architect Camaille. On 20 November 1905, Girault had 
sent the dossier for the construction of the dome. He was concerned because not enough 
stones were being placed to build the base of the entablature. He insisted that it was impor- 
tant to progress as much as possible in the construction of the tambour, and on the base of 
the entablature, before the construction of the dome. He also remarked that the way to pro- 


ceed over the arches of the rotunda was explained in drawing no. 100 (plate IX), and there 
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Figure 16. Dome of the Congo Museum (Photo: P. Fuentes 2020). 


should be no changes. In order to have a cheaper and faster construction, brick masonry 
could be replaced in some parts with concrete.” 

Next day, on 21 November 1905, a letter to Camaille gives us important information 
about the construction of the dome and the concerns of the architect: 


Sir, 
I must draw your attention to the vaults currently being built by Mr Fabre at the Congo 
Museum. 

The season we are going through is not very favourable for the execution of these works. 
The continuous rain and fog are soaking the plaster and could in some cases cause the fall 


of vaults or fragments of vaults. 
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It is therefore important to protect the finished structures to prevent them from being ex- 
posed to moisture for a long period of time. 

For the construction of the large dome, Mr Fabre will build 1t with hollow bricks and 
plaster, without centering, followed by a certain number of layers of solid bricks covered 
not in plaster, but in cement. 

In the first hollow brick vault, Mr Fabre will place a number of headers in order to join to- 
gether the different layers constituting the thickness of the vault. 

You must ensure that Mr Wouters-Dustin's bricklayers do not destroy these headers be- 
cause they interfere with their brickwork. 

Il ask that the headers be maintained, and that the brickwork be made accordingly. 

Mr. Fabre is very familiar with my methods, but if you have any concerns about the execu- 
tion of these vaults, please let me know so that I can give you instructions accordingly.” 


The text of this letter shows that Fabre was in charge of the construction of the vaults, and 
also the confidence that the architect had in him. The construction of the dome was about to 
start and the letter explains the general construction: a first layer of hollow bricks, joined 
with plaster and built without centering, was the support of a certain number of solid bricks. 
Girault warned that the headers should bound the different layers of brick. These additional 
layers were coated with cement in order to protect them from water. It seems that Fabre 
built the first layer, the one entailing difficulties and requiring specialized masons. The next 
layers of bricks were added over the first one by the general contractor?s masons. Some of 
the vaults were already built at this point, since Girault shows his concern about the possi- 
ble damage because of the water. 

In February 1906 the dome was being built, and the architect asked the works inspector 
about the iron tie that was going to be placed in the dome, noting that the joints between the 
different pieces of the tie should have the same tension strength as the tie itself: 


I insist in particular on the ties of the dome and draw your attention to the joints between the 
sections of these ties; these joints must be made in such a way that their strength in tension 
must be equal to the strength of the chain itself. 

Could you inform me on this subject, if so far, everything has been done according to 
the indications of the construction drawings and the recommendations above?”? 


Some days later, the architect asked for an estimation for the covering of the dome, in 
ornamented lead and slates.?* In a short note on 13 February, Girault wrote that the dome 
is progressing — he had probably received some photographs from the works.”* The dome 
must have been almost finished, and a last command was given on 17 February 1906: “I want 
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the dome of the Congo Museum, when the layers of solid bricks are finished, to be cov- 
ered with a layer of smooth Portland cement to prevent water reaching the masonry.””* 
On 7 April the architect urged the contractor to start the works on the roof immediately. 
The ornamented lead should be prepared in the field and placed over a frame. Finally, the 
slates should be placed. He remarked that these works would last at least five or six 
months.”* But on 19 May these works had not been started: “Please let me know urgently 
when the dome of the Congo Museum is cleared of scaffolding so that Mr Monduit can 
begin his roofing work.””” Finally, on 21 May 1906, the dome was finished, the scaffold- 
ing removed, and it was possible to cover the dome. Girault insisted on the importance of 


avoiding water penetration in the masonry: 


My inspector informs me that the dome of the Congo Museum is finished (...) and that the 
scaffolding has been removed, so we can now think about the roofing work. As you know, 
Í give great importance to ensuring that the masonry is not penetrated by dampness, which 


is why it is necessary to protect the masonry from the water as soon as possible.” 


A short note in September 1906 in Le Mouvement Géographique affirms that “the metal 
framework of the central dome is in place.” We can imagine that it is referring to the lan- 
tern. However, we must remember that in September 1909 the glass was not in place. 

The importance of the dome is evident in the many detailed drawings by the archi- 
tect. Drawing no. 225 (plate XI) describes the construction of the dome. As has been 
explained above, the dome is formed by two shells and has an oculus in the middle, 
covered by a metallic-glass structure. In the lower part (up to 18 m), the internal shell 
is built with five layers of bricks laid flatwise (300 mm), the first layer with hollow 
bricks (voúte de cintrage), and the others with solid bricks. The upper part has only 
four layers of bricks (240 mm). It has one tie of mild steel, with a diameter of 35 mm 
placed at a height of 15.70 m. At this height, and also at 18.00 m (coinciding with the 
change of thickness), there are bricks placed in the perpendicular direction, standing 
out from the surface. Instructions are also given in the same drawing for the construc- 
tion of the external shell: “voúte de cintrage creuse: 0,22 d”épaisseur 2 rouleaux a plat, 
reliées par des boutisses avec vides intermédiaires” and “briques pleines posées a plat.” 
This was a hollow structure formed by two layers of bricks (60 mm each) placed flatwise, 
joined by headers (total thickness 220 mm). Over this surface there are two (up to 19.30 m) 
layers or one (over 19.30 m) layer of solid bricks, also placed flatwise, 60 mm thick. 
This second shell has four ties of mild steel, at the base of the dome (around the brick), 
and at 16.94 m, 18.50 m and 19.00 m, inside the first layer of solid bricks. Twelve 
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Figure 17. Central dome of the Congo Museum under construction (HP.1968.10.6-52, RMCA Tervuren 
collection; Charles Girault archives). 


ribs, 50 cm thick, formed by one layer of radial bricks over the inner shell, connect 
with the external one up to a height of 17.94 m. Four staircases give access to the dome. 
There are two passages between the two shells, one at 18 m and another at 21.70 m. The 
access to this second passage is given by a metallic stair, represented in drawing no. 472 
(plate XII). The outer shell has eight oculus that can be seen in drawing no. 229 
(plate XIID. 

Figure 17 shows the dome during construction, and the very light centering used to 
build it. It can also be seen that both shells were built at the same time. The general ge- 
ometry of the central dome was defined in drawing no. 225 (plate XI). The springing of 
the vault is at a height of 13.68 m above the floor, and it reaches a height of 21 m in the 
intrados of the inner shell and 24.45 m in the intrados of the outer shell. The radii were 
not defined in the drawing, but the centres and some points of the dome determine the 
geometry. The inner dome is a pointed dome, being the centres under the impost line. 
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Figure 18. Oculus and lantern of the dome (HP.1968.10.6-61, RMCA Tervuren collection; Charles 
Girault archives). 


This means that the surface of the dome is not tangent to that of the tambour. The span of 
the inner dome is 19 m. The outer dome has an oval profile, with two centres and has a 
span of 20 m. 

The inner oculus has a diameter of 6.00 m and the outer oculus of 6.40 m. These two oc- 
uli are joined together by twelve pairs of columns, built also with hollow bricks (fig. 18) 
and closed by a metallic structure. The inner decoration of the dome is drawn in drawings 
no. 92 (plate X) and 291. 

One particularly significant and appealing drawing by Girault, drawing no. 253 (plate 
XIV), contains the structural analysis of the dome by means of graphic statics, signed by 
the architect himself (Fuentes 2021b). The study of this analysis remains beyond the scope 
of this work, but its importance should be pointed out, and a future work will hopefully 
shed more light about a singular (and unknown) method for the structural analysis of ma- 


sonry domes. 
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CONCLUSION 


The Congo Museum in Tervuren is a keystone in the history of construction at the begin- 
ning of the 20th century in Belgium, and the documentation kept in the archive is priceless. 
The written documents donated by the son of the architect allow us to follow the progress 
of the works, which progressed quickly for the structural work, but were delayed when 
dealing with finishing works. Although the building was planned to be finished in autumn 
1905, it was only inaugurated five years later. Detailed drawings by the architect explain 
perfectly the construction of the building, and photographs during the construction show 
the process and techniques. This chapter has focused on the vaults, and the construction 
drawings concerned with masonty, especially those relevant to the vaults, have been anal- 
ysed. However, there is still a great number of construction documentation regarding fa- 
cades, carpentry, ironwork, roof, marble, etc. still unstudied. The works in Laeken, Parc du 
Cinquantanaire and Ostende also deserve deeper study. 

The vaults of the museum were commissioned to specialist contractor Fabre, and several 
tile vaults were built in hollow bricks. Most of the vaults are built with a first layer of bricks 
placed flatwise, making a centering for the additional layers of solid bricks. This technique 
allowed for economical construction due to the lightness and the reduction of the auxiliary 
construction means. 

There is no evidence of the construction of tile vaults in Belgium before the ones con- 
tained in the Congo Museum. This building was, therefore, ground-breaking in the use of 
this technique in the country. The construction of this type of vault would spread in Belgium 
for the next half century, becoming a very common technique, especially in churches. Spe- 
cialist contractors built hundreds of tile vaults and issued several patents, evidencing the inter- 
est in this vault construction method. 
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NOTES 


1. In recent years, there has been a great interest in tile vaults among scholars, and new discov- 
eries are being made. For the general history of tile vaults, see Zaragozá (2012). For the use of 
tile vaults in France and Germany in the 20th century, see the chapter by Huerta (2021) in this 
book. For the use of tile vaults in Belgium, see Fuentes 2021a. 


2. The Charles Girault collection at the Royal Museum for Central Africa comprises a total of 
twenty-nine volumes, seventeen of them concerning the Congo Museum (five with correspon- 
dence and other written documents, and twelve with drawings). HA.01.0827, Royal Museum for 
Central Africa (RCMA) Tervuren collection, Charles Girault archives (hereafter, only the collec- 
tion item code will be given). https://hdl.handle.net/20.500.12624/001-0001-0000000805. Accessed 
5 August 2020. 


3. Unfortunately, it has not been possible to consult a fourth folder containing masonry draw- 
ings: HA.01.0827.21 Domaine Royal de Tervuren. Musée du Congo. Magonnerie. Pavillons 
d'angles, facade postérieure $ galerie d 'exposition. Recueil des plans, coupes et élévations et 
détails d'exécution en six volumes. Ch. Girault, Architecte du Gouvernement — Membre de l'Institut. 
Volume IV, 1905-1907. This volume presumably contains information about the construction of 
the vaults of the corner pavilions. 


4. Domaine Royal de Tervuren, Belgique. Création sur le domaine d'une Université Coloniale. 
Musée-École Mondiale-Palais des Congrés. Correspondance et documents divers 1901 á 1907. 
Vol. 1. HA.01.0827.7; Domaine Royal de Tervuren, Belgique. Création sur le domaine d'une 
Université Coloniale. Musée-École Mondiale-Palais des Congrés. Correspondance et documents 
divers 1908 a 1909. Vol. 2. HA.01.0827.8 and Domaine Royal de Tervuren, Belgique. Création sur 
le domaine d'une Université Coloniale. Musée-Ecole Mondiale-Palais des Congrés. Correspondance 
et documents divers 1910. Vol. 3. HA.01.0827.9. 


5. “Porquol a-t-il fallu que depuis lors, et bien qu'il eút porté a l'étranger le renom artistique de 
la France, son mérite n”ait été reconnu qu'au de la des frontiéres!” 


6. Maurice Girault to Marcel Luwel, 27 December 1967, HA.01.0827.17. 


7. Girault, Domaine Royal de Laeken. Sommaire des Lettres et des Documents les plus importants 
contenus dans le Volume 1, 1901 a 1904, HA.01.0827.1. 


8. According to an advert by Charles Daussin, the area of vaults built in Laeken was 12000 m? 
(Undex du Bátiment 1921, 37). 


9. “Sa Majesté examinait les projets qui lui étaient soumis, avec une ampleur de vues et une 
justesse de critique rendant toute collaboration facile á qui avait 1”heureuse fortune d”étre appelé 
á les réaliser. Elle aimait á prevoir jusque dans les moindres détails les dispositions a adopter, et 
a suivre, lors de l"exécution, leur état d'avancement.” 


10. Girault, Notice par ordre chronologique sur les Esquisses, Avant-projets et Projets faits 
pour les constructions a édifier au Domaine de Tervueren et Correspondance échangée a ce sujet, 
du 28 Octobre 1901 au mois d'Avril 1910, HA.01.0827.7, fol. 5-10. 


11. “Je pense que (...) les efforts de l'étude en vue de l'éxécution devraient porter sur le Musée 
du Congo qui est l'édifice le plus important de cet ensemble c'est donc par le développement 
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de ce monument que je compte commencer.” Girault to Comte d”Oultremont, 22 November 
1902, HA.01.0827.7, fol. 14. 


12. Girault 1903, Domaine de Tervuren. Liste Civile, construction d'un musée du Congo. Notice 
descriptive, HA.01.0827.7, fol. 15-25. 


13. Baron Goffinet to Girault, 29 October 1903, HA.01.0827.7, fol. 34r—v. 


14. Girault to Baron Goffinet; the letter is dated the 24 September 1903 (HA.01.0827.7, fol. 
35-39), but in a later document he wrote that this letter was sent the 24 November (Girault to 
Goffinet, 21 January 1904, HA.01.0827.7, fol. 42-44). 


15. “Le soussigné de seconde part d'engage á exécuter tous les travaux a faire á Tervuren et 
dont le plan d”ensemble ici joint remis par Monsieur 1”Architecte Girault donne une idée Générale. 
Musée du Congo, Musées d*Outre-Mer, École Coloniale, Restaurant et annexe le tout 
évalué a Quinze Millions environ.” Contract signed by Baron Goffinet and Ernest Wouters- 
Dustin, 31 December 1903. HA.01.0827.7. The contract was sent by Thirifay, capitaine du 
Génie, on 14 January 1904. 


16. Girault to Baron Goffinet, 21 January 1904, HA.01.0827.7, fol. 42-44. 


17. “Tout est réglé avec M. Wouters; vous pouvez donc lui commander les menuiseries et tout ce 
qui regarde Laeken et Tervuren sauf les réserves faites dans l'article 2 (je crois) de la conven- 
tion.” Thirifay to Charles Girault, 29 January 1904, HA.01.0827.7. Article 2 of the contract says: 
“Ces travaux comprennent tout ce que est nécessaire pour la mise sous toit et l”achévement des 
bátiments sauf: a) La menuiserie sculptée; b) l'établissement d'un systeme de chauffage; c) les 
travaux d'art et de décoration; d) les objets d'art, statues, vases, etc; e) le mobilier.” 


18. “Pai terminé le plan d'ensemble de Tervuren sur lequel j?ai groupé, selon le désir du Roi, 
toutes les constructions projetées ainsi que le raccordement a la ligne de chemins de fer (...).” 
Girault to Baron Goffinet, 11 February 1904, HA.01.0827.7, fol. 49. 


19. Girault to Francotte, 26 March 1904, HA.01.0827.7, fol. 51. 
20. Girault to Thirifay, 5 May 1904, HA.01.0827.7, fol. 54. 


21. Girault to Thirifay, 11 May 1904, HA.01.0827.7, fol. 55 and Girault to Thirifay, 16 May 
1904, HA.01.0827.7, fol. 56. 


22. Girault to Ernest Wouters, 25 March 1905, HA.01.0827.7, fol. 65rv. 


23. In a letter to Comte d'Oultremont, Girault explained that the drawings of this building were 
still sketches, and therefore the foundation stone would be only a ceremony, but strictly speak- 
ing, it would not form part of the actual building. Girault to Comte d”Oultremont, 6 April 1905, 
HA.01.0827.7, fol. 66. 


24. Girault to Francotte, 31 October 1905, HA.01.0827.7, fol. 76. 
25. Girault to Camaille, 20 November 1905, HA.01.0827, fol. 78r—v. 


26. “D”apres les nouvelles que je regois du Chantier, il ne semble pas qu'il y ait beaucoup 
d'activité pour la pose de ces assises ; je suis donc porté a conclure que le fourniture ne 
s”effectue pas et je crains fort que nous ne puissions, de sitót, faire les travaux de couverture. 
Toutes les magonneries de cet édifice qui étalent parfaitement séches vont, de nouveau, se remplir 
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d'humidité et retarderont, en conséquence, la date d'achevement et celle á laquelle 1l sera possible 
d'aménager la portion du Musée.” Girault to Wouters, 27 November 1905, HA.01.0827.7, fol. 79. 


27. Girault to Camaille, 18 December 1905, HA.01.0827, fol. 80r—v. 


28. Girault to Thirifay, 5 January 1906, HA.01.0827, fol. 83 and Girault to Camaille, 18 January 
1906, HA.01.0827.7, fol. 84. 


29. “Je crois que le moment est venu de penser au ravalement des fagades du Musée du Congo 
a Tervuren, ainsi qu'a l'exécution de la sculpture sur pierre.” Girault to Wouters, 1 February 
1906, HA.01.0827.7, fol. 85. 


30. Girault to Camaille, 13 February 1906, HA.01.0827, fol. 89. 
31. Girault to Thirifay, 14 March 1906, HA.01.0827.7, fol. 91. 


32. Girault to Wouters, 7 April 1906, HA.01.0827.7, fol. 93. However, in May it had not yet 
started, Girault to Monduit, 21 May 1906, HA.01.0827, fol. 98. 


33. Girault to Camaille, 11 April 1906, HA.01.0827, fol. 94. 


34. Girault to Thirifay, 10 October 19067, HA.01.0827.7, fol. 99-100. The question mark is in 
the letter. 


35. Liebrechts to Girault, 9 February 1907, HA.01.0827.7, fol. 101. 


36. Thirifay to Girault, 5 March 1907, HA.01.0827.7, fol. 131r—v; Liebrechts to Girault, 9 
March 1907, HA.01.0827.7, fol. 138. 


37. Liebrechts to Girault, 8 March 1907, HA.01.0827.7, fol. 135. 
38. Liebrechts to Girault, 3 May 1907, HA.01.0827.7, fol. 141. 
39. Girault to Liebrechts, 6 May 1907, HA.01.0827.7, fol. 142. 


40. Liebrechts to Girault, 25 September 1907 and answer from Girault, 28 September 1907, 
HA.01.0827.7, fol. 198r-199r. 


41. In the folder there is a transcription of Le Journal (1907); HA.01.0827.7, fol. 195-97. 


42. “T'arrét subit des travaux de Laeken; la non-exécution de ceux d'Ostende et de Tervuren, qui, 
sauf le Musée du Congo, ne sont pas commencés, ont paralysé l'activité de M. Wouters-Dustin, 
Pempéchement d”utiliser un matériel considérable, un grand personnel, le privent enfin d'un 
bénéfice prévu. Les observations du requérant sont restées sans réponse. Le 4 juin, il a regu 
Pordre de cesser complétement les travaux de Laeken. Il a du couteusement licencier un 
nombreux personnel, revendre avec perte une énorme quantité de matériaux” Le Journal (1907). 


43. “Les travaux sont en bonne voie d'exécution á Tervuren et l1”on peut des maintenant se 
préoccuper des installations intérieures.” Girault to Liebrechts, 11 October 1907, HA.01.0827.7, 
fol. 202r—v. 


44. Liebrechts to Girault, 6 November 1907, HA.01.0827.7, fol. 205. However, the previously 
mentioned problems with the contractor held up the beginning of the works until July 1909, 
when Jean Wouters-Jacobs, son of Wouters-Dustin, took charge as contractor for the works: 
Girault to Delbeke, 12 July 1909, HA.01.0827.8, fol. 36970. 
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45. Girault to Camaille, 17 January 1908, HA.01.0827.8, fol. 221rv. 
46. Liebrechts to Girault and Girault's reply, 18 and 20 January 1908, HA.01.0827.8, fol. 222-23. 
47. Girault to Camaille, 8 February 1908, HA.01.0827.8, fol. 227. 


48. Girault to Dufas, 23 March 1908, HA.01.0827.8, fol. 281. With this letter Girault sent a list of 
these works that is not in the archive. Dufas to Girault, 25 March 1908, HA.01.0827.8, fol. 2821r—v. 


49. Girault to Liebrechts, 12 June 1908, HA.01.0827.8, fol. 287-88. 
50. Girault to Thirifay, 11 July 1908, HA.01.0827.8, fol. 295. 
51. Girault to le Grand Maréchal, 1 August 1908, HA.01.0827.8, fol. 297rv. 


52. Girault to Camaille, 23 October 1908, HA.01.0827.8, fol. 299; Liebrechts to Girault, 28 October 
1908, HA.01.0827.8, fol. 300. 


53. Several items of correspondence from 6 November to 21 December 1909, HA.01.0821.8, 
fol. 299-308. 


54. Girault to Liebrechts, 10 July 1909, HA.01.0827.8, fol. 3641-67v. 
55. Wouters-Dustin to Liebrechts, 17 July 1909, HA.01.0827.8, fol. 373. 


56. Contract signed on 25 August 1909 by Girault, le Ministre Plénipotentiaire et Envoyé 
Extraordinaire, Intentand de la Liste Civile and le Ministre des Travaux Publics, HA.01.0827.8. 


57. Girault to Camille, 24 March 1910, HA.01.0827.9, fol. 5211-—v. 
58. Girault to Camaille, 14 April 1910, HA.01.0827.9, fol. 534. 
59. Delbeke to Girault, 27 May 1910, HA.01.0827.9, fol. 540. 


60. “Sa facade principale, dont l'aspect se rapproche sensiblement de celle du petit Palais des 
Champes Elysées, ne comporte qu'un seul étage, coupé de grandes baies. Elle est surmontée 
d'un dome central.” (La Chronique des Travaux Publics 1904); “un palais superbe, réplique 
quelque peu modifiée du Petit Palais, de Paris.” (Le Mouvement Géographique 1906). 


61. For the exceptions in this contract, see note 17. 


62. “Je dois attirer votre attention sur les voútes que construit, en ce moment, Monsieur Fabre 
au Musée du Congo.” Girault to Monsieur Camaille, 19 December 1905, HA.01.0827.7, fol. 
81r—v. In a later letter, “J?adresse au Capitaine les renseignements qu'il m'avait demandés sur 
les sous-détail de Monsieur Fabre pour l'exécution des hourdis du Musée du Congo.” Girault to 
Monsieur Camaille, 19 December 1905, HA.01.0827.7, fol. 82r—v. 


63. “Cet étage formant caves et dépóts dans presque toute sa surface sera voúté trés surbaissées, 
en briques de Boom et ciment sur arcs doubleaux en briques de Boom et ciments sur presque 
toute sa surface. (...) Toutes les voútes et voútins seront recouvertes de béton de máchefer ou 
de cendrée avec chape en ciment de facon a niveler le sol de 1"étage principal (...).” Girault 
1903, Domaine de Tervuren. Liste Civile, construction d'un musée du Congo. Notice descriptive, 
HA.01.0827.7, fol. 15-25. 


64. “Je vais, dans quelques jours, lui [Wouters] donner les planchers en fer et les voútes de 
Pétage de soubassement.” Girault to Thirifay, 11 May 1904. HA.01.0827.7, fol. 55. 
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65. “Celle voútées: coupole, galerie sur la fagade, pavillons d”extrémité, portiques dans la cour, 
entrée sur la route de Louvain, le seront au moyen de voútes légéres avec ou sans armature 
métallique. La coupole de la Rotonde sera composée de deux voútes superposées exécutées 
également en maconnerie. Toutes les plafonds et voútes seront enduits en plátre.” Girault 1903, 
Domaine de Tervuren. Liste Civile, construction d'un musée du Congo. Notice descriptive, 
HA.01.0827.7, fol. 23. 


66. “...je vois que les voútes en briques creuses sur les fagades latérales sont commencées. 
J'”espére bien que la naissance de ces voútes butte le long de la longrine en fer qui a été 
disposée sur le plancher á cet effet, de maniére á neutraliser la poussée de ces voútes.” Girault 
to Camaille, 18 December 1905. HA.01.0827.7, fol. 80r—v. 


67. “Les voútes désignées par la méme lettre ont méme cintre. Leur naissance est a la cote 6,22 m. 
Les doubleaux C sont concentriques aux berceaux B et ont 0,25 m de moins comme rayons.” 
Text in drawing no. 149, HA.01.0827.19 (plate VD. 


68. “Le berceau D, de méme naissance et de méme hauteur a la clef que B, est déterminé par 
la condition suivante: les deux arétes d'intersection MN, NP se projetteront suivant deux lignes 
droites. L*"entrepreneur devra présenter l"épure de ce cintre a l'inspecteur avant toute exécution.” 
Text in drawing no. 149, HA.01.0827.19 (plate VI. 


69. “La coupole, s”ouvrant au milieu, constituera certainement une des curiosités artistiques du 
pays” (Le Matin de Bruxelles 3 August 1907). Transcription in HA.01.0827.7, fol. 180. 


70. Girault to Camaille, 20 November 1905, HA.01.0827.7, fol. 78r—v. 


71. “Monsieur, Je dois attirer votre attention sur les voútes que construit, en ce moment, Monsieur 
Fabre au Musée du Congo. La saison que nous traversons est peu propice a l'exécution de ces 
ouvrages. La pluie et le brouillard continuels détrempent les plátres et pourraient dans certains cas, 
amener la chute des voútes ou de fragments de voútes. Ill importe donc de bien protéger les 
ouvrages terminés, de maniére a éviter qu'ils soient, pendant longtemps, sous l”action de 
Phumidité. Pour 1"exécution de la grande coupole, Monsieur Fabre fera en briques creuses et 
plátre la voúte sans cintre qui devra recevoir ensuite un certain nombre de rouleaux de briques 
pleines qui seront hourdées non pas en plátre, mais en ciment. Monsieur Fabre ménagera dans la 
premiere voúte en briques creuses un certain nombre de boutisses de facon á liaisonner entre eux 
les différents rouleaux constituant l”épaisseur de la voúte. Vous devez veiller á ce que les 
briqueteurs de Monsieur Wouters-Dustin ne détruisent pas ces boutisses sous prétexte qu'elles génent 
leurs combinaisons de briques. Je demande que les boutisses soient maintenues et que les 
combinaisons soient faites en conséquence. Voulez vous veiller trés particuligcrement a l”exécution de 
ces voútes, Monsieur Fabre est trés au courant de ma facgon de faire, mais si au cours de ces travaux 
vous aviez une inquiétude quelconque, veuillez me le faire savoir afin de recevoir de moi des 
instructions en conséquence.” Girault to Camaille, 18 December 1905. HA.01.0827.7, fol. 8lrv. 


72. “Je vous recommande tout particulicrement les chaínages ceintures de la coupole et attire 
votre attention sur les jonctions des trongons de ces chainages, lesquelles jonctions doivent étre 
faites de telle maniére que leur travail á la traction doit étre égal au travail de la mention de 
la chaine elle-méme. Voulez vous me répondre á ce sujet que j"usqu'ici, tout a été fait 
conformément aux indications des plans et aux recommandations ci-dessus.” Girault to 
Camaille, 5 February 1906, HA.01.0827.7, fol. 86. 


73. Girault to Monduit, 9 February 1906, HA.01.0827.7, fol. 88. 
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74. Girault to Camaille, 13 February 1906, HA.01.0827.7, fol. 89. 


75. “Je désire que la coupole du Musée du Congo, quand les rouleaux de briques pleines seront 
terminés, soit revétue d'une chape en ciment de Portland bien lissée, de fagon á empécher 
l'humidité de gagner toutes ces magonneries.” Girault to Camaille, 17 February 1906, 
HA.01.0827.7, fol. 90. 


76. Girault to Wouters-Dustin, 7 April 1906, HA.01.0827.7, fol. 93. 


77. “Veuillez me faire savoir d'urgence quand le dóme du Musée du Congo sera débarrassé de 
ses échafaudages afin que Monsieur Monduit puisse commencer con travail de couverture.” 
Girault to Camaille, 19 May 1906, HA.01.0827.7, fol. 97. 


78. “Mon inspecteur me fait savoir que le dóme du Musée du Congo est terminé comme [la] 
charpente et que les échafaudages ont été enlevés, on peut donc en conséquence penser maintenant 
aux travaux de couverture. Vous savez l'importance que j'attache á ce que les maconneries ne 
soient pas pénétrées d'humidité, d'oú il s'ensuit la nécessité de ce mettre, sur ce point, hors 
d'eau le plus tót possible.” Girault to Monduit, 21 May 1906, HA.01.0827.7, fol. 98. 
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Plate I. Lateral fagade and gallery. Crown cornice and balustrade. Original scale: 1/50. 
Dated 1 February 1905 (Part of drawing no. 102, HA.01.0827.18, RMCA Tervuren 
collection, Charles Girault archives). 
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Plate II. Section through the main hall (Drawing no. 108, HA.01.0827.20, RMCA 
Tervuren collection, Charles Girault archives). 
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Plate III. Rear facade. Vault of the main hall. Original scales: 1/50 (left part of the 
drawing) and 1/20 (secion AA, right side of the drawing). Dated 26 June 1905 (Drawing 
no. 177, HA.01.0827.20, RMCA Tervuren collection, Charles Girault archives). Note on 
section AA the composition of the vault, with one layer of bricks flatwise, and two 
layers in a radial position. 
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Plate IV. Vaults of the corner pavilions in the main gallery. Original scales: 1/50 
(section through the axis of the main gallery, section through the axis of the lateral 
gallery and plan view) and 1/20 (profiles A, B, C and D of the main gallery). Dated 
February 1906 (Drawing no. 302, HA.01.0827.18, RMCA Tervuren collection, Charles 
Girault archives). 
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Plate V. Courtyard gallery. Original scale: 1/20. Dated May 1905 (Drawing no. 151, 
HA.01.0827.20, RMCA Tervuren collection, Charles Girault archives). Note in sections 
AA, BB and CC the composition of the vaults, with one layer of bricks placed flatwise 
and one layer of bricks in a radial position. 
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Plate VI. Plan view of the main floor with the detail of ceilings and vaults. Original 
scale: 1/100. Dated 9 May 1905 (Drawing no. 149, HA.01.0827.19, RMCA Tervuren 
collection, Charles Girault archives). Note the explanation for the construction of the 
different vaults of the courtyard gallery (B, C, and D). 
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Plate VI. Geometry of the vault in the entrance from the courtyard gallery to the 
exhibition hall (D in plate VI). Original scale: 1/20 (Drawing no. 303, HA.01.0827.20, 
RMCA Tervuren collection, Charles Girault archives). 
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Plate VIII. Geometry of the vault in the entrance from the courtyard gallery to the 
main hall (A in plate VI). Original scale: 1/20. Dated 17 February 1906 (Drawing 
no. 304, HA.01.0827.20, RMCA Tervuren collection, Charles Girault archives). 
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Plate IX. Construction of the tambour to access the rotunda. Original scale: 1/50. 
Dated 23 January 1905 (Drawing no. 100, HA.01.0827.19, RMCA Tervuren collection, 
Charles Girault archives). 
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Plate X. Rotunda. Section through the main axis. Original scale: 1/50. Dated 9 January 
1905 (Drawing no. 92, HA.01.0827.19, RMCA Tervuren collection, Charles Girault 
archives). 


Overleaf: 

Plate XI. Construction in brick of the double dome of the rotunda. Left: Section of the 
double dome through the ribs; right: Section of the double dome through the shell. 
Original scale: 1/20. Dated 16 November 1905 (Drawing no. 225, HA.01.0827.19, 
RMCA Tervuren collection, Charles Girault archives). 
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Plate XII. Rotunda. Half plan view of the external dome. Half plan view of the internal 
dome. Original scale: 1/50. Dated 16 November 1905 (Drawing no. 229, HA.01.0827.19, 
RMCA Tervuren collection, Charles Girault archives). 
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Plate XIII. Rotunda. Stairs in the space between the two shells of the dome. Original 
scales: 1/50 (plan view) and 1/20 (section and elevation). Dated 19 November 1906 


(Drawing no. 472, HA.01.0827.19, RMCA Tervuren collection, Charles Girault 
archives). 
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Plate XIV. Structural analysis of the double brick dome. Original scale: 1/20. Dated 16 
November 1905 (Drawing no. 253, HA.01.0827.19, RMCA Tervuren collection, 
Charles Girault archives). 


Tile Vaults in Belgium in the 1930s 
The Churches of Léonard Homez 


Paula Fuentes 
Rosa Ana Guerra-Pestonit 


During the first half of the 20th century, Belgium witnessed a wide range of styles in 
church design. While neo-Gothic was the dominant trend until the 1920s, experimenta- 
tion with new forms and new materials was the main feature of the 1920s. During the 
middle ofthe 1930s, design moved towards more traditional forms (Coomans 2014). Tile 
vaults were introduced in the country at the beginning of the century. Widely used in 
churches, this technique allowed great flexibility in the design, together with economical 
and fast construction, which was especially important in the interwar period. In this con- 
text, Léonard Homez designed and built three churches, two in Brussels — Sainte-Alix in 
Wolowe-Saint-Pierre (1935-36) and Divin Sauveur in Schaerbeek (1935-37) — and Sint- 
Theresia in Dilbeek (1937-39), very close to Brussels. The vaults were built by the spe- 
cialized contractor Tignol and Joly. This chapter analyses the constructive characteristics 
of these vaults, their geometry, and their similarities as well as the evolution of their de- 
sign and construction. 

We have combined archival research with careful on-site work. The three churches have 
been surveyed with a laser scanner, providing the basis for the geometrical studies. We have 
had access to several of Homez's original construction drawings, which has allowed us to 
compare the degree of fidelity of the construction to the original design, keeping in mind 
that tile vaulting implies limited means of construction, and therefore ways of controlling 
the form. But before going deeper in the analysis of these buildings, we discuss how tile 
vaulting was introduced in Belgium and why Homez decided to use this technique in his 
churches. 
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Figure 1. Top: Sainte-Alix in Woluwe-Saint-Pierre; centre: Divin Sauveur in Schaerbeek; bottom: 
Sint-Theresia in Dilbeek (Photos: Authors, 2019). 
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TILE VAULTS AND BELGIAN SPECIALIZED CONTRACTORS 


Tile vaults are a particular type of vault where thin bricks (tiles) are placed flatwise, creat- 
ing a thin surface. The bricks are set with gypsum mortar. The fast hardening of this mortar 
provides a cohesive bond that holds the bricks in place during construction without cen- 
tering, resulting in a fast and economical technique. Tile vaults have been built in the 
Mediterranean area for centuries.!' In France, the technique became popular in the 18th 
century and was in common use, at least in some areas, until the 20th century (Fuentes 
2021b; Huerta 2021). However, there is no evidence of tile vaults in Belgium before the 
beginning of the 20th century. Only some references in texts, probably copied from French 
treatises, mention the possibility of building vaults with this technique. In the Cours de 
construction, Demanet (1847, 246) described the construction of very low-rise vaults, with 
one or two layers of bricks laid in plaster or hydraulic mortar. He also pointed out that the 
use of hollow bricks is very advantageous for obtaining light vaults and that such vaults 
were frequently built in Paris. De Vos (1879) explained the possibility of building vaults 
placing the bricks flatwise. He stated that if the vaults are carefully built, they can be very 
robust. However, he did not mention the possibility of building these vaults without center- 
ing, which is one of their most outstanding features. 

The technique was probably transmitted to Belgium from France, by the hands of French 
architect Charles Girault and contractor Auguste Fabre. At the beginning of the 20th cen- 
tury, Girault was working for the Belgian king Léopold II to design and build, among other 
buildings, the Congo Museum and the Palace of Laeken. Fabre was in charge of the vaults 
in these buildings, and some of them were tile vaults, including the central dome of the 
Congo Museum, which has a span of 20 m.? Auguste Fabre was a contractor who special- 
ized in the construction of vaults. He founded his company in 1896, and patented several 
systems of light vaults, among them a system of tile vaults (Fabre 1905; Fuentes 2021b). 
Following Fabre”s work in Belgium, up until 1950, hundreds of tile vaults were built in this 
country. Different contractors specialized in this technique, and different patents were is- 
sued (Fuentes 2021a). The advantages of these vaults were evident: they were economical, 
light and fast to build. Their good acoustic performance was also pointed out: “The research 
that has been carried out over the last few years in this respect has always shown that the 
vaults of our system contribute to producing the best thermal and acoustic insulation, as the 
materials used are hollow”* (Fabre n.d.). 
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Figure 2. Drawings in the patent by Charles Daussin, 1907 (Archives Générales du Royaume 2 - dépót 
J. Cuvelier, Brevets Belges). 


From Charles Daussin to J. Tignol and A. Joly 


The Congo Museum and the Palace of Laeken also appear in advertisements for two 
Belgian contractors, Charles Daussin and Gairin and Brochon, who probably collaborated 
with Fabre in the construction of these vaults.* The company founded by Charles Daussin 
was in charge of the vaults of the churches presented in this chapter. Daussin died in the 
1910s and the company changed its name to Vve. Daussin £ Tignol. In 1930 the name of 
the company changed again to J. Tignol 4 A. Joly. This is the name we find related to the 
construction of the vaults in Homez's churches. By then, the company had a wealth of ex- 
perience in the construction of tile vaults. 

Although the archive of Daussin”s company has not been found, it is possible to follow 
its trajectory thanks to advertisements published in the journals of the time and to scattered 
information found in different archives. In the first years of the 20th century, Daussin was 
using Fabre”s patent, as stated in the company”s letterhead (Fuentes and Wouters 2019, 
fig. 9), but in 1907 Daussin patented special bricks and a system for the construction of 
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MY 1 N 
Figure 3. From left to right and top to bottom: Church of the Convent of the Péres Barnabites in 
Forest, Brussels (Architect: L. Pepermans, 1908); Church of Saint-Jean-Berchmans in Etterbeek, 
Brussels (Architect: J. Prémont, 1912); Church of Sint-Jan-Babtiskerk in Houthulst (Architect: J. 
Viérin, 1923); Church of Sainte-Cécile, Florenville (Architect: L. P. Servais, 1922); Church of the 
Abbey Notre-Dame de Clairefontaine (Architect: H. Vaes, 1935); Church of Notre-Dame de 
l'Annonciation in Ixelles, Brussels (Architect: C. Damman, 1934); (Photos: Authors, 2019). 


light vaults (Briques spéciales pour la construction de voútes légeres et systeme de voútes). In 
this patent, Daussin explained a method of tile vault construction (Daussin 1907). Daussin'”s 
innovation was the introduction of special hollow bricks. These bricks have concave faces 
filled with plaster mortar or special cement, forming tendons (*Fig. 11” in fig. 2). The vaults 
are reinforced with ribs, formed by special bricks, with multiple supports for the webs 
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Figure 4. Advertising booklet for Tignol 8 Joly, ca. 1955 (Rijksarchief te Kortrijk, Inventaris van 
het archief van architect Jozef DeMeyere, no. 516). 


when they form the groin (*Fig. 1” and “Fig. 3” in fig. 2). If the ribs are visible in the in- 
trados, the piece may have a projection to support the moulding (8 in “Fig. 1”, fig. 2). Figure 2 
shows the different designs of bricks used for different types of vaults: groin vaults (“Fig. 1”), 
barrel vaults (“Fig. 4”), lunettes or cloister vaults (Fig. 3”). The bricks may have grooves on 
the upper face in order to provide a better connection with an optional layer of mortar that 
can be reinforced with a wire mesh (“Fig. 11”). Daussin patented the same system in 
Germany (Daussin 1908) and in France (Daussin 1909). 

This company built vaults in many churches (fig. 3), but also in other type of buildings, 
such as the Kursaal in Namur (1914), where a vault with a span of 17 m and a thickness of 
40 mm was built (L 'index du bátiment 1921, 37). Despite slight differences, the technique 
is always the same: hollow bricks, placed flat. When the vault does not support any loads, 
only one layer of bricks was used. Bricks were sometimes visible in the intrados, and some- 
times had a coat. Over the extrados, there is sometimes a reinforced layer of mortar. Daussin's 
patent put the emphasis on the bricks, and not so much on the upper layer of mortar, but 
some years later Tignol and Joly highlighted the importance of this upper layer: 


Up until today, light vaults made of hollow bricks had no other connection between the ele- 


ments than the mortar of the joints, which is insufficient when it comes to large-span 


Tile Vaults in Belgium in the 1930s 231 


vaults. In order to meet the resulting needs, we sought a device for profiling the bricks that 
would allow us to achieve the non-deformability of the vaults by means of reinforced con- 
crete, which is an essential condition for their stability. Specially manufactured and elegantly 
shaped, these bricks with a layer of reinforced concrete on the extrados form a perfect 
monolithic construction.* (Tignol and Joly n.d.) 


The reference to reinforced concrete, a material in vogue at the time and considered to be 
of great strength and quality, is not surprising. However, it is important to note that the main 
technique is tile vaulting, and very often, this upper layer did not exist.* Besides, in the 
1930s reinforced concrete was not considered an appropriate material to be seen in churches 
(Wibaut 2019). 

There were other contractors who specialized in the construction of tile vaults in Belgium. 
Ernest Sussenaire, a contractor located in Ecaussines, also patented a system in 1908 
(Sussenaire 1908) very similar to Daussin”s system, with some differences that have not 
been found in the buildings. The company Gairin and Brochon advertised the construction 
of “Voútes légeres et économiques en briques creuses sans armature, ni fer ni bois” (light 
and economical vaults with hollow bricks, without reinforcement, iron or timber). This 
company also collaborated in the construction of the vaults of the Royal Palace of Laeken, 
where Fabre and Daussin participated. 


THE CHURCHES OF LÉONARD HOMEZ 


As already mentioned, Léonard Homez (1900—unknown) designed three churches in 
Belgium using tile vaults during the 1930s. Little information is available about this archi- 
tect.” Born in 1900, Homez studied architecture thanks to the financial support of Jules 
Waucquez, owner of the textile company where Homez's father worked. After qualifying as 
an architect, Homez carried out various construction works for Jules Waucquez € Co. 
(Gilon 2006), among them, the churches of Sainte-Alix and Divin Sauveur.? 

Sainte-Alix and Divin Sauveur are very similar, with oval barrel vaults and oval trans- 
verse arches dividing the nave. The vaults of Sint-Theresia feature more innovative shapes. 
Pointed arches divide the nave in bays, covered by vaults in which the groins multiply (fig. 1). 
Despite the differences in form, the construction techniques were very similar. Rein- 
forced concrete arches divide the nave into bays. Between these arches, bays are covered 
with tile vaults, with one single layer of bricks (300 x 150 x 45 mm) and a layer of mortar 
at the extrados, reinforced with a wire mesh, obtaining a total thickness of around 75 mm. 
The bricks are joined together with gypsum mortar. Although the bricks are hidden under 
the layer of mortar, we can imagine the bricks simply resting on these transverse arches that 
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Figure 5. Plaque with the name of the architect in Sint-Theresia”s church (Photo: Authors, 2019). 


form part of the roof structure, which is also built in reinforced concrete (at least in Sainte- 
Alix and Divin Sauveur; 1t has not been possible to access the extrados of the nave of Sint- 
Theresia).? 


T 


0 5 100 


Figure 6. Comparison of the cross-section of the three churches: Sainte-Alix, Divin Sauveur, and 
Sint-Theresia (It has not been possible to survey and draw the roof structure of Sint-Theresia; 
Drawing: Authors, 2021). 


Table 1. Comparison of the main measurements 


Arch Vault Impost Arch Vault Bay Vault Thick- 
span span line crown crown width  thickness ness/ 
(m) (m) height (m) height (m) height (m)  (m) (mm) span 
Sainte-Alix 13.30 13.50 2.015 11.38 11.52 5.35 75 1/180 


Divin Sauveur 13.00 13.20 213 11.38 11.54 6.00 75 1/176 
Sint-Theresia 13.04 13.64 2.63 12.00 12.50 4.40 75 1/182 
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An article about Sainte-Alix and Sint-Theresia published in the journal Bátir in 1939 
praised Homez's design: 


The architect Léonard Homez possesses that lucidity that is made up of a clear vision of li- 
turgical needs and a perfect knowledge of the profession. In his works, far from opposing 
each other, feeling and technique support and complement each other, to blend into Unity, 
which is both constructive and expressive, rational and mystical (...). From the point of 
view of acoustics, as well as of construction, the recent churches of Léonard Homez are a 
success.'” (Deletang 1939, 469) 


The same article remarks that the vaults are voútes légeres en briques creuses that “have 
been built over simple groin templates, without formwork or support.”*' We also find infor- 
mation about the contractor of the vaults: “The light vaults of the two churches are built by 
the firm J. Tignol et A. Joly (...), according to their well-known brick and concrete sys- 
tem”? (Deletang 1939). Attention should be drawn to the adjective “well-known” — it is 
clear that the technique was part of the building culture of the time. 

We have found several drawings by Homez. There are some drawings of Sainte-Alix 
kept at the Archives de Woluwe-Saint-Pierre. We have included here one plan view (plate DD), 
one longitudinal section (plate ID), and two cross-sections through the nave and transept 
(plate IID). The drawings of Divin Sauveur are kept at the Archives de Schaerbeek: three 
plan views at different levels (one of them reproduced in plate VIT), three elevations, one 
longitudinal section (plate VIID), and two cross-sections (plate IX). For Sint-Theresia, only 
the copies of three of the original drawings are kept at the Regina Caeli school. The origi- 
nals have not been found. They represent the foundations, a plan view (plate XI), and a 
longitudinal section (plate XID). In these drawings, the vaults are represented with a total 
thickness of 100 mm with an inner coat around 30 mm thick. In the coloured drawings of 
Divin Sauveur, the key explains that they were thought to be built in masonry (plates VIlI- 
IX). This suggests that the architect had decided at this point on the system to be used to 
build the vaults. However, in the drawings of Sainte-Alix (plates I-II), drawn prior to 
those of the Divin Sauveur, the vaults are coloured like reinforced concrete, indicating a 
change in the vaulting technique. 


SAINTE-ALIX IN WOLUWE-SAINT-PIERRE 


There is scarce information about the construction of this church. Some letters kept in the 
Archive of the Archdiocese of Mechelen-Brussels tell us that the church of Sainte-Alix was 
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Figure 7. Sainte-Alix in Woluwe-Saint-Pierre (Drawing: Authors, 2021). 


under construction in January 1936,'* and the works were progressing slowly in April 
1936.!'* The vault was due to be completed at the end of April,'* and the church was finally 
consecrated on 26 July 1936.!* According to Deletang (1939), the general contractor was F. 
de Knoop, and the specialized contractor of the vaults, as already mentioned, J. Tignol and 
A. Joly.” 


The Vaults of Sainte-Alix 


Sainte-Alix is a single-nave church (fig. 7, plates I and IV), covered by an oval barrel vault, 
with a span of 13.50 m. Slightly protruding oval transverse arches (with a span of 13.30 m) 
divide the nave into three bays (5.35 m wide). A fourth bay covers the gallery (jubé). The 
crossing (plate V) and the apse (plate VI) are covered with groin vaults with lunettes. There 
1s a short transept covered with barrel vaults. A massive brick arch separates the crossing 
from the apse (fig. 1). 
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The transverse arches, visible at the extrados, are built in concrete. These arches are 
connected by a longitudinal beam running along the crown of the vault, and completely 
separated from the brick vault. A layer of mortar, thicker in the upper part, hides the 
bricks. In the vault of the apse it is possible to see a wire mesh within this layer of mor- 
tar. The main groins of the crossing and the apse protrude on the extrados (fig. 8, top 
right). There may also be special rib bricks, similar to the ones shown in figure 2, but 
this is not clear in the intrados. The fillings of the vault, measured in the first bay (the 
one of the gallery), have a height one half that of the total height of the vault. The lu- 
nettes also buttress the vault. The bricks can be seen in the lower part of the vault of the 
first bay, where the layer of mortar is very thin, and even disappear at some points due to 
the steep slope. The bricks measure 300 x 150 mm and have a longitudinal groove in the 
central part. One third of the brick, cut longitudinally, builds the line of the lunette (fig. 8, 
bottom left). 


Figure 8. Extrados of the church of Sainte-Alix; Left: Nave; top right: Transept; bottom right: Apse 
(Photos: Authors, 2019). 
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Figure 9. Cross-section of the church of Sainte-Alix by Homez with the oval geometric construction 
in red (Homez n.d.; Archives Woluwe-Sainte-Pierre). 


The transverse arches are of oval shape with seven centres as well as the barrel vault. 
Their geometry is specified in the working drawings (fig. 9) and has been built accordingly, 
with only slight differences. Both the transverse arches and the vault spring from the pilas- 
ters at 2.015 m above the floor, slightly above the level in the drawings. Painted in a light 
colour in contrast with the brick walls, the pilasters make it look like the vault starts di- 
rectly from the ground. The transverse arches protrude 10 cm from the vault. 

To define the geometry of the lunettes, Homez designed ovals with seven centres on the 
wall. The elevation of the actual spatial curve of the lunette groin was defined as well as an 
oval. However, the actual construction of the lunette is different. In fact, the actual groin is not 
geometrically defined, but constructed by the masons by finding the intersection of the nave's 
barrel vault and the lunette, with the help of an angle template. But even the geometrically 
defined ovals on the walls differ from the designed ones, as can be seen in figure 10. 

The bonding can be seen through the inner coating, giving an idea of the construction of 
the vault. It is not exactly the same in the three bays, but the general pattern is very similar. 
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Figure 10. Ovals of the crossing and the adjacent bay, as designed (red) and as built (black) 
(Drawing: Authors, 2021). 


In the lower part of the barrel vault, the courses follow the longitudinal direction. At a cer- 
tain height, the vault was continued by the construction of transverse arches that become 
smaller towards the centre, and by drawing a rectangle with two sides forming arches paral- 
lel to the transverse arches and two sides running in the direction of the nave. In the central 
upper part, courses again parallel to the longitudinal direction close the vault (fig. 11, left). 
In the lunettes, the courses go from the wall (groin A, fig. 11) to the groin of the lunette 
(B in fig. 11), with a certain angle, until the point where the courses spring from the axis of 
the lunette, and not from the wall. In the axis, the courses meet with the ones coming from 
the other half of the lunette. As it can be seen in the cross-section, the axis of the lunette is 
virtually a straight line. 

The vault of the crossing has a plan of 8 x 13.70 m (plate V), while the vault of the apse 
is considerably smaller (7 x 8.10 m, plate VI). In the apse, the bonding is not completely 
symmetrical. In compartments 1 and 3, bricks are placed in the direction of the longitudinal 
axis up to approximately three-quarters of the height of the vault. Over this height, bricks 
form arches in the transverse direction. In compartment 1, bricks maintain this direction 


until the crown of the vault, while in compartment 3 (next to the crossing), in the upper part 


244 Paula Fuentes, Rosa Ana Guerra-Pestonit 


Figure 11. Church of Sainte-Alix, sketch of the bonding. Left: Vault of the nave; right: Vault of the 
apse (Drawings: Authors, 2021). 


the direction of the bricks change again to a perpendicular direction. While compartments 1 
and 3 are almost barrel vaults, compartment 2 has a double curvature. The bricks form 
arches between the diagonals and the transverse ridge line (or the groin of the lunette in the 
lower part). In the lunettes the bricks are placed with the same pattern of the nave's lunettes. 

The auxiliary means used to build these vaults were minimal. Deletang (1939) already 
mentioned that only a “gabarit d'angle” was used. For the vaults of the nave, skilled ma- 
sons only require some strings to keep the form. For the construction of the lunettes, only 
an angle template is needed. No more devices are required for the construction of the cross- 
ing. A slight curvature of the courses facilitates stability during construction. Once the vault 
is finished, the groins are shaped up with a template. !* 


DIVIN SAUVEUR IN SCHAERBEEK 


The church of Divin Sauveur is situated in the municipality of Schaerbeek, very close to 
Woluwe-Saint-Lambert, in the Brussels Capital Region. This part of the city was growing 
fast, and in 1933 the construction of a new church was approved. Léonard Homez presented 
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Figure 12. Divin Sauveur in Schaerbeek (Drawings: Authors, 2021). 


the design of the church in March 1935,!” and in May he received the approval of the 
Commission Royale des Monuments et des Sites." In a call for tenders for the structural 
work, vaults and ceilings, the lowest offer was 461,000 francs, and the highest 660,000 
francs.?! Contractors Mr Braekeleir and Mr Kallaert were selected for the construction. A 
note about a modification in the design is found in June 1935, when Homez informed Mon- 
seigneur Van Cauwenbergh about an increase in the budget to allow for adding one bay, two 
confessionals, a side porch, and an independent entrance to the magasin. On 14 June 1935, 
the architect received notice of the increased cost from the contractor, 78,690.50 francs, and 
he explained that he could persuade the contractor to reduce his offer by 10,000 francs. Be- 
sides, the vaults and the ceilings had been directly commissioned to Tignol and Joly, saving 
2000 francs.? On 15 June, Homez received confirmation of the contractor for the works 
(under certain conditions) from the Archbishopric.” The foundation stone was laid on Sep- 
tember 1935 (Inventaire 2010-12). A letter of November 1935 provides evidence of prob- 
lems with the general contractor regarding the supply of bricks.** The termination of the 
contract with the general contractor would take place in April 1936. At the end of the month, 
contractor De Knoop (who was already working with Homez on Sainte-Alix) made an offer 
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Figure 13. Church of Divin Sauveur; Left: Before the extension (Photo: Willy Balasse, in https:// 
www.delcampe.net); right: After the extension (Photo: Authors, 2020). 


to finish the church.? Two more contractors, Jean Mathieu d”Houtain l'Evéque and Van 
Pottelberg from Erebodegem, were asked to submit an offer in May. At this point the vaults 
had not been started, as we can see from the communication with the possible contractors: 
“you will no longer need to take into account the execution of the vaults or the execution 
of the plaster and coating already confirmed to a specialist, the firm Tignol and Joly of 
Brussels.”2” None of these contractors gave a satisfactory offer, so Homez tried to make De 
Knoop lower his offer.? In June, De Knoop was appointed as general contractor to finish the 
church, and the works started immediately.” The church was inaugurated on 6 May 1937. 

The original design was a single nave, very similar to Sainte-Alix, with four bays, a 
choir, an apse, and two rooms on both sides, but as already mentioned, five bays were fi- 
nally built. No transept was planned. The design for the church also included a tower that 
was not built (plates VU-IX). The church was extended in the 1960s by architect Jean 
Dehasse. The apse was replaced by a transept and a new apse was added (plate X). A chapelle 
d 'hiver was added to the south.*% 


The Vaults of Divin Sauveur 


The nave, with a span of 13.20 m, is covered by an oval barrel vault with lunettes, divided 
by oval arches springing from the pillars (with a span of 13.00 m, separated 6.00 m) in five 
bays and a jubé. The vault and the pillars are coated in a light tone, contrasting with the dark 
bricks of the walls, and giving the impression, as in Sainte-Alix, that the vaults spring from 
the floor. A brick oval arch, with a different geometry, gives access to the transept, covered 
by a cross vault. This brick arch replaced the one designed by Homez. The different design 
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of the oval is clear (fig. 13). Behind the transept, the apse is covered by a barrel oval vault 
with two transverse arches. 

Over the extrados, as in Sainte-Alix, there is a layer of mortar over the brick vault, and a 
wire mesh can be seen in some parts embedded in it, following Daussin's system (fig. 4). 
However, in the last bay before the apse, bricks can be seen (fig. 14, bottom left). They mea- 
sure 300 x 150 mm. The dimensions are similar to the ones in Sainte-Alix, but the bricks in 
Divin Sauveur do not have a central groove. The transverse arches are made in reinforced 
concrete, as well as the structure of the roof (fig. 14, top), but with a design different from 
that used in Sainte-Alix.*! The vaults built in the extension by Dehasse in the 1960s are 
built with a different technique, known as steengaz. This system consisted of a metallic 
wire mesh with ceramic pieces in the crossings. After appropriately shaping the wire hung 
from an upper structure, mortar or concrete was projected, obtaining a kind of reinforced 
concrete (fig. 14, bottom right) (Bot 2009, 148). This part of the building has not been ana- 
lysed, but it is possible to see at first sight that not only the technique but also the geometry 
is quite different. 


Figure 14. Church of Divin Sauveur; Top: Extrados of the vaults; bottom left: Last bay before the 
arch of the transept; bottom right: Extrados of the vaults in the transept (Photos: Authors, 2020). 
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The oval defining the transverse arches and the barrel vaults has seven centres, and it is 
very similar to the ovals in Sainte-Alix. In the longitudinal direction, it is possible to ap- 
preciate a slight curvature in the vault (fig. 12), more accentuated than in Sainte-Alix. This 
curvature contributes to the stability of the vault. 

In the drawings, we can see how Homez drew the ovals of the lunettes (fig. 15). The bar- 
rel vault of the nave, and the elevation of the lunette, were previously defined. Afterwards, 
the plan view of the lunette was drawn by points at the intersection of these two curves. As 
we have seen for Sainte-Alix, this procedure was only used for the drawing, while during 
construction the lunette was defined by masons with only a groin template. The lunettes are 
slightly different in the different bays, probably built by different gangs. 


Figure 15. Detail of the drawing by Homez, 1935 (Archives de Schaerbeek); note the geometrical 
construction of the lunette redrawn on the right (Drawing: Authors, 2021). 


The extension built in the 1960s eliminated the vault of the apse designed by Homez. 
This vault was very similar to the one in Sainte-Alix, a groin vault with two lunettes with a 
dimension of 8.50 x 7.50 m (plate VI). 

The paint in these vaults hides the bonding of the bricks, but the great similarities with 
the vaults of Sainte-Alix suggest a similar construction process. In the Divin Sauveur 
church it was possible to take a sample of the mortar used in the joints of the vault. A XRD 
test was performed,*? showing a gypsum level of more than 70% and providing evidence 
that the mortar was basically a gypsum mortar, with a small amount of sand. 
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A series of photographs made during the construction of the roof structure of this church 
show that the vaults were built once the roof was finished (Wibaut 2019, figs. 13-16). The 
rainy weather in Brussels could be a problem for vaults built with gypsum mortar.** 


SINT-THERESIA IN DILBEEK 


Architect Léonard Homez was commissioned to design this church in 1936. In the tender 
for the construction of the church, it was specified that separate submissions would be 
made for “General Works” and for the “Vaults and Coating.”** The construction of the 
church was awarded to the contractors Freres Verstraete from Rumbeke, who included in 
their offer the construction of the vaults for a total amount of 787,750 francs.** The vaults 
and coating represented 12% of this amount, that is 94,488.55 francs.* Deletang (1939) 
noted the quality of the church despite its low budget, which according to him was 950,000 
francs.*” The works started by the middle of November 1937 and were finished in May 
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Figure 16. Sint-Theresia in Dilbeek (Drawing: Authors, 2021). 
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1939. The previously mentioned article in Bátir in 1939 affirmed that the general contractor 
was Joseph de Knoop, and that the vaults were built by J. Tignol and A. Joly. However, the 
documentation kept at the Dilbeek Archive, the Archdiocese of Mechelen, and the Regina 
Caeili school provide no evidence of problems with Freres Verstraete, and probably this 
contractor was in charge of the construction during the whole process, commissioning the 
construction of the vaults to Tignol and Joly. 


The Vaults of Sint-Theresia 


The church has six bays (including that of the jubé), covered by a pointed vault with a span 
of 13.62 m and divided by transverse arches with a span of 13.00 m. One brick arch and a 
very narrow bay divide the nave and the apse, covered by a diamond vault (plates X-XIV). 
The church does not have a transept. The general design is very different from the other two 
churches. In this church, Homez used pointed forms rather than ovals. 
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Figure 17. Geometry of the vault of the nave (Fuentes and Guerra-Pestonit 2020). 
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Access to the extrados of the vaults is only possible in the vault of the first bay, over the 
gallery (jubé), and in the vault of the apse, but not in the vaults of the nave. There is a wire 
mesh on the extrados of these two vaults. As in the other churches, the thickness is irregu- 
lar, between 75 and 100 mm. The fillings have been measured in the vault of the apse, and 
have a height slightly over one third of the total height of the vault, a very low filling com- 
pared to traditional tile vaults, or with the filling measured in Sainte-Alix. Despite this in- 
ternal coat, the bonding can be seen in the intrados, and the bricks have similar dimensions 
to the ones in Sainte-Alix and Divin Sauveur, 300 x 150 mm. 
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Figure 18. Sint-Theresia, bonding of the vaults. Left: Bay of the nave; right: Apse (Drawing: 
Authors, 2021). 
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An analysis of the geometry of the vaults has already been published in Fuentes and 
Guerra-Pestonit (2020). The nave is divided by transverse concrete pointed arches. Between 
the arches, the vault is formed by two symmetrical shells with double curvature, resembling 
two symmetrical patches of a toroid. At a height 0f 9.32 m over the floor level, three groins 
are added, forming symmetrical lunettes. Transverse arches are pointed arches, with a ra- 
dius of 10.00 m. 

The apse has a dimension 0f 8.37 x 6.55 m and is covered by a diamond vault (plate XIV). 

The bonding can be seen through the inner coat. In the vault of the nave, the courses are 
parallel in the whole vault. In the vault of the apse, the bonding changes in each compart- 
ment, forming a double curvature surface (fig. 18) 
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CONCLUSIONS 


Léonard Homez used tile vaults in the three churches analysed in this chapter and built in the 
1930s. These vaults were built by specialist contractors J. Tignol and A. Joly, successors of 
Charles Daussin. The technique was well-known in Belgium at that time. Both Sainte-Alix 
and Divin Sauveur are single-nave churches and have a similar design of an oval barrel vault 
with transverse arches. The latter has a slight curvature in the longitudinal direction in com- 
parison to the former, which has an almost straight ridge line. The curvature makes the vault 
more stable, and also easier to build. The design of the vaults in Sint-Theresia is completely 
different The transverse arches are pointed arches, and the vaults between these arches are not 
continuous. In addition, the transverse arches protrude further from the vault in Sint-Theresia. 
These characteristics produce a more compartmentalized space, emphasized with the lateral 
naves. The multiplication of the groins in Sint Theresia produces a different effect. Divin 
Sauveur and Sint-Theresia have a narrow “transition” bay and a brick arch in front of the tran- 
sept, while in Sainte-Alix the brick arch is between the crossing and the apse. 

The vaults in the three churches are built with a similar technique: tile vaults, with hol- 
low bricks 45 mm thick. Over the vault, a wire mesh is embedded within a layer of mortar 
around 30 mm thick. This is precisely the system advertised by the contractor. However, we 
have not been able to identify the groin special pieces patented by Daussin. 

In the church of Divin Sauveur it was possible to analyse a sample of the mortar, con- 
firming that gypsum mortar was used. We can imagine that gypsum mortar was also used in 
the other two churches. The fast hardening of this gypsum allowed to build these vaults 
with no centering. The bonding of the bricks is modified in the different parts of the vault. 
The aim is to ensure that the vault is stable at all stages of construction, facilitating, there- 
fore, the construction without centering. The scarce auxiliary means used for the construe- 
tion of these vaults is remarkable. This was certainly the reason of the widespread use of 
tile vaults in this period. 
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NOTES 


1. Tile vaults have been a focus of study for many scholars in recent decades. See for example 
the proceedings of an international symposium on tile vaults (Zaragozá, Soler and Marín 2012). 


2. For the construction of the vaults in the Congo Museum, see Fuentes (2021c) in this book. 
For Auguste Fabre and his patents and projects, see Fuentes (2021b). 


3. “Les recherches qui ont été faites depuis ces derniéres années en ce sens ont toujours 
démontré que les voútes de notre systéme contribuaient á produire une isolation thermique et 
une acoustique des meilleures, les matériaux employés étant creux.” 


4. See for example the advertisement by Charles Daussin in the £ index du Bátiment (1913, 78) 
and by Gairin and Brochon in Annuaire du Commerce et de l'Industrie (1920, 1828-29). 


S. “Jusqu'a nos jours les voútes légéres construites en briques creuses n'avaient d'autres liaisons 
entre éléments que le mortier des assises, ce quí est insuffisant lorsqu'il s'agit de voútes á grand 
portée. Pour satisfaire aux nécessités qui en découlent, nous avons recherché un dispositif de profil 
des briques nous permettant par le moyen du secours du béton armé d”obtenir 1'indéformabilité 
des voútes, condition essentielle de leur stabilité. Spécialement fabriquées et d'un format élégant 
ces briques avec la chape armée extrados constituent une construction monolithique parfaite.” 


6. The layer of cement mortar, sometimes as thick as the brick vault itself, can work in 
compression, increasing the thickness of the vault, and therefore its stability. 


7. Marcel Gilon, in his tireless efforts to research the history of his parish (Divin Sauveur), was in 
contact with Homez's daughter in-law and compiled some information about him (Gilon 2006). 


8. A letter on 16 May 1936 from J. Maisson to Van Cauwembergh mentions Mr. and Mrs. 
Waucquez as donors to Sainte-Alix. Mrs. Segers was a donor to the Divin Sauveur church; see 
for example a letter from Homez to Van Cauwenbergh on 24 May 1935. Thanks to Gilon 
(2006), we know that Mrs. Segers was Pauline Waucquez, Jules Wacquez's sister. Both letters 
are kept in the Archive of the Archdiocese of Mechelen-Brussels. 


9. On the use of reinforced concrete in the roof structure of Sainte-Alix and Divin Sauveur, see 
Wibaut 2019. 


10. “L'architecte Léonard Homez possede cette lucidité, falte d'une vision claire des nécessités 
liturgiques et d'une parfait connaissance du métier. Dans ses oeuvres, loin de se contrarier, le 
sentiment et la technique s'épaulent et se complétent, pour se fondre dans 1'Unité, laquelle est á 
la fois constructive et expressive, rationnelle et mystique (...). Du point de vue de l”acoustique, 
aussi bien que constructivement, les églises récentes de Léonard Homez sont des réussites.” 


11. “Les voútes nervurées en briques creuses d'une technique naturelle, a la fois rigides, 
légéres, durables, sont exécutées sur simples gabarits d'angles, sans coffrages ni soutien.” 


12. “Les voútes légéres des deux églises sont construites par la firme J. Tignol et A. Joly (...), 
d'apres leur systéme bien connu brique et béton.” 


13. Unknown sender to Ministry of Justice, 20 January 1936. Archive of the Archdiocese of 
Mechelen-Brussels. 
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14. “T'église avance lentement. On ne pourra y entrer avant juillet.” J. Massion (abbé) to Van 
Cauwenbergh?, 2 April 1936. Archive of the Archdiocese of Mechelen-Brussels. 


15. “La voúte sera entierement terminé au début de la semaine prochaine. On commencera alors 
les pavements.” J. Massion (abbé) to Van Cauwenbergh?, 24 April 1936. Archive of the 
Archdiocese of Mechelen-Brussels. 


16. J. Maisson to Monsieur le Chanoine, 15 June 1936. Archive of the Archdiocese of 
Mechelen-Brussels. 


17. The participation of F. De Knoop as general contractor at Sainte-Alix is also mentioned in a 
letter from Homez to Monseigneur Van Cauwenbergh, dated on 20 April 1936, regarding the 
church of Divin Sauveur: “J”ai demandé a monsieur De Knoop, entrepreneur des travaux de 
P'Eglise de Sainte Alix, de revoir ses prix établis lors de sa soumission pour le Divin Sauveur.” 


18. In a previous paper (Fuentes and Guerra-Pestonit 2020), we had considered that forms or 
templates had been used under the groins of the different vaults. We based our argument on the 
geometrical definition of the constructed groins, which coincide very precisely with arcs of 
circumference. However, Carlos Martín, specialist in the construction of tile vaults, affirmed that 
this is not necessary. This would corroborate the economy of auxiliary means of this type of 
vault, as well as the need for specialized masons. 


19. Letter from P. Legers to Monseigneur Van Cauwenbergh, 25 March 1935. Archive of the 
Archdiocese of Mechelen-Brussels. 


20. Homez to Van Cauwenbergh, 22 May 1935. Archive of the Archdiocese of Mechelen-Brussels. 
21. Homez to Van Cauwenbergh, 24 May 1935. Archive of the Archdiocese of Mechelen-Brussels. 
22. Homez to Van Cauwenbergh, 14 June 1935. Archive of the Archdiocese of Mechelen-Brussels. 


23. This approval was given under the conditions that (1) Mrs. Segers would pay the first bills 
up to 400,000 francs, so the priest would have time to collect more money; and (2) the 
contractor would undertake not to take legal action against them in the event that the municipal 
administration of Schaerbeek continues to create difficulties “in an arbitrary manner with regard 
to the authorisation to start work.” Van Cauwenbergh to Homez, 15 June 1935. Archive of the 
Archdiocese of Mechelen-Brussels. 


24. Letter from Armand Neeckx, lawyer, to the Archbishopric of Malines, 27 November 1935. 
Archive of the Archdiocese of Mechelen-Brussels. 


25. Van Cauwenbergh to Van der Meersch, 24 April 1936. Archive of the Archdiocese of 
Mechelen-Brussels. 


26. Homez to Van Cauwenbergh, 27 April 1936. Archive of the Archdiocese of Mechelen-Brussels. 


27. “il ny a plus lieu de tenir compte ni de lexécution des voútes ni de la exécution des 
enduits et crépis déja confirmées a un spécialiste, la firme Tignol et Joly de Bruxelles.” Letter 
to Mr. Van Pottelberg et fils, 6 May 1936. Archive of the Archdiocese of Mechelen-Brussels. 


28. “Je convoque l'entrepreneur, M. De Knoop, et j'insiste pour qu'il réétudie son prix et le 
raméne au plus bas possible.” Homez to Van Cauwenbergh, 30 May 1936. Archive of the 
Archdiocese of Mechelen-Brussels. According to Gilon (2006), contractor De Knoop was the 
brother of Alphonse De Knoop, parish priest at Divin Sauveur from 1936 to 1953. 


29. Homez to Van Cauwenbergh, 6 June 1936. Homez to De Knoop, 6 June 1936. Mechelen 
Archives. 
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30. For this extension, see Gilon (2006). 
31. For the roof structure, see Wibaut (2019). 


32. The test was carried out in the Unidad de Técnicas Geológicas, CAI de Ciencias de la 
Tierra y Arqueometría, Facultad de Ciencias Geológicas, Universidad Complutense de Madrid. 


33. See Fuentes (2021c) for the mutiple references to this problem during the construction of 
the Congo Museum. 


34. “les remises de prix pourront se faire indépendamment pour le “Gros-Oeuvre” et pour les 
“Voútes et Enduits.”” A. Steppe and F. de Ruyper, Construction d'une Église dédiée á Sainte 
Thérese de 1”Enfant Jésus, á ériger au lieu dit Moortebeek, Commune de Dilbeek. Adjudication. 
Province de Brabant: Imprimerie R. Louis, 1st October 1937. Consulted at Dilbeek Archive. 


35. Proces verbaal van opening der anbiedingen neergelegd voor de bouwwerken der nieuwe 
Heilige Theresiakerk (onderdak breggen van de gewelven en bezettingswerken). [Official report 
of the opening of tenders submitted for the construction of the church of Saint-Theresa 
(including vaults and coating)], 22 October 1937. Kept at Dilbeek Archive. 


36. Tableau des soumissions de l'église de Sainte-Thérese de l"Enfant Jesus a Moortebeek, 
Dilbeek, signed by the architect on the 20 October 1937. Kept at the Archive of the 
Archdiocese of Mechelen-Brussels. 


37. “Une église aussi unifiée et pure que celle-ci satisfait également a la raison et au sentiment. 
Ferme et lumineuse, nuance et nette, elle offre a nos méditations un bel exemple d*équilibre 
humain, malgré son importance, elle n"engagea qu'un budget de neuf cent cinquante mille francs” 
(Deletang 1939, 471). 
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Plate I. Church of Sainte-Alix in Woluwe-Saint-Pierre, plan view (Homez 1934; 
Archives de Woluwe-Saint-Pierre). 
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Plate II. Church of Sainte-Alix in Woluwe-Saint-Pierre, longitudinal section (Homez 
1934; Archives de Woluwe-Saint-Pierre). 


"soLpow 59) sun 59) zum7a70uo> 20 s7uemozop 9] 5007 "uorozó o uospucsf us Jo %S 9 popa) e 
a Iori atdzS use ppceda le lena dao 
AAA A A EA 
Us Jo acres uonscejo ee a5- ejes 68] 50700) sorfoeon apo 0uxz 300 amusadosp097 "AY 


(paN NVU ca 


ui 


UA AA TA 


== 
ad 
==] 
cuoprobre 2p 0709 En 
=7 
==] 


Fur 


2. 


ió: ii bas | 
+ ! 


50 


«suso 0799 
“arenosa 


"30NIH3T 
FRA 


Ra IRAdA 


—a— 


cor verbo 29 ue 


rd 


EAS ==» ia == ii da Pe i z . 


A 
AS 

pt 
bros apro us paolo] 


y Aa 


> AAA 


dl ol 


O 


E 


mo a E 


40739 2P or] eero7O Rp apuro ru e Juro 


%3* 31353 *9N V1 30 WNV.1 JNWA/ oq JIVNIGALDNO1 3 


3d131d"/-IMMOMOoSOQMOP XV af 1/1193 


264 Paula Fuentes, Rosa Ana Guerra-Pestonit 


Plate MI. Church of Sainte-Alix in Woluwe-Saint-Pierre, cross-sections (Homez 1934; Ar- 
chives de Woluwe-Saint-Pierre). 
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Plate IV. Church of Sainte-Alix in Woluwe-Saint-Pierre, plan view and longitudinal 
sections (Orthophotographs: Authors, 2021). 
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Plate V. Church of Sainte-Alix, vault of the crossing (Photo: Authors, 2019). 


270 Paula Fuentes, Rosa Ana Guerra-Pestonit 


Plate VI. Church of Sainte-Alix, vault of the apse (Photo: Authors, 2019). 
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Plate VII. Church of Divin Sauveur in Schaerbeek, plan view (Homez 1935; Archives 
de Schaerbeek). 
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Plate VIII. Church of Divin Sauveur in Schaerbeek, longitudinal section (Homez 
1935; Archives de Schaerbeek). 
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Plate IX. Church of Divin Sauveur in Schaerbeek, cross-sections (Homez 1935; Ar- 
chives de Schaerbeek). 
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Plate X. Church of Divin Sauveur in Schaerbeek, plan view and longitudinal section 
(Orthophotographs: Authors, 2021). 
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Plate XI. Church of Sint-Theresia in Dilbeek, plan view (Homez n.d.; Archives School 
Regina Caeli). 
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Plate XII. Church of Sint-Theresia in Dilbeek, longitudinal section (Homez n.d.; 
Archives School Regina Caeli). 
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Plate XI!. Church of Sint-Theresia, plan view and longitudinal section (Orthophoto- 
graphs: Authors, 2021). 
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Plate XIV. Church of Sint-Theresia, vault of the apse (Photo: Authors, 2019). 


Tile Vaults in Post-War Germany 


Santiago Huerta 


Tile vaults, made with burnt bricks set flat and gypsum, are the most economical way to 
cover a space with masonry. They originated in the Mediterranean area, probably around 
the 10th century (the first known example, in Murcia, Spain, dates from the 12th century). 
They are found throughout most of the Iberian Peninsula, in the south of France, in Italy, 
and in the north of Africa. Tile vaults have also been found in Iran. These vaults are difficult 
to distinguish from other types of brick vaults as their intrados was usually plastered with 
gypsum;, further research would probably notably expand our knowledge of their diffusion. 
In any case the widespread diffusion, geographically and chronologically, of a single build- 
ing technique is noteworthy. The technique easily migrated from one culture to another, and 
was integrated in different building traditions. This chapter considers a single episode of 
this diffusion: the transfer of tile vaulting to post-war Germany, between 1940 and 1960. To 
put the work in context, similar episodes in other European countries will first be briefly 
considered. 


EUROPEAN PosT-WAR TILE VAULTING 


Tile vaulting had a “renaissance” in the context of the second war and post-war Europe, say 
between 1940 and 1960. In several countries, it was realised that the economy and speed of 
construction of these vaults could be very useful in reconstruction work in the context of iron, 
wood and cement shortages. In some countries, the building tradition was revived; in others, 
a technique that was completely unknown or had been forgotten was imported. In what fol- 
lows, I will briefly review this history in Spain and France, with some mention of Italy and 
Russia, before finally studying post-war German tile vault construction in some detail. 
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Spain 


In Spain, the construction of tile vaults was widespread from the beginning of the 17th 
century. Fray Lorenzo de San Nicolás (1639) offered a full description of this way of 
building, putting tile vaulting at the same level as stone and regular brick vaulting, (plate 
L A). Tile vaulting was employed mainly in modest buildings, such as parish churches 
and convents of the mendicant orders. Fray Lorenzo”s description is the only published 
contribution before the end of the 18th century when Bails copied parts of Lorenzo”s de- 
scription, quoting him as an authority in his Arquitectura civil, together with passages 
copied without acknowledgement from Blondel-Patte (1771). When a tradition is fully 
alive handbooks are not needed to explain the technique. This may explain the scarcity of 
references to tile vaulting in Spanish architectural and construction treatises. Only one 
monograph, by Fornés y Gurrea (1841), was published in the 19th century, (plate I, BC). 
The architect Ger y Lóbez included a substantial chapter in his treatise of 1889. Ironi- 
cally, most of the references in Spanish treatises come from French sources, mainly 
Blondel-Patte and Rondelet. This led to some “schizophrenic thinking” (to assume at the 
same time one hypothesis and its contrary) as the French information contradicted in 
some cases the Spanish, particularly acute in the case of the “no thrust” hypothesis 
enunciated first by Espié (1754) and perpetuated in French manuals, despite the evi- 
dence of cracking of vaults and leaning in buttresses (Huerta 2003). In the second half of 
the 19th century the tile-vaulting technique was applied to some new industrial build- 
ings (Redondo 2013). 

A crucial episode of technology transfer occurred when the Spanish architect Rafael 
Guastavino emigrated to the United States in 1881 and, with enormous ingenuity, intelli- 
gence and hard work, spread this type of construction throughout the country. In 1889 he 
founded the Guastavino Fireproof Construction Company, and Guastavino”s vaults popu- 
lated the most important buildings constructed in the US around 1900. After his death in 
1908, his son, Rafael Guastavino Jr., continued with the company until 1943 when he sold 
1t. The company remained active until 1962. The story of the Guastavino, father and son, 
was rediscovered in the 1960s by the historian George R. Collins who, in extremis, man- 
aged to save a large part of the company's archive after its dissolution in 1962 (Collins 
1968). Since the beginning of the 21st century, there have been several monographs on the 
Guastavinos” work (Huerta 2001, Ochsendorf 2010). The present book contains also a 
chapter on Guastavino (Ochsendorf 2021). 

At the beginning of the 20th century, tile vaults were still being built in Spain, although 
they were losing ground in favour of reinforced concrete and steel construction. After the 
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Figure 1. Tile vaults for horizontal floors on a reinforced concrete frame. Left: The vault is a 
translation surface using a wooden guide supported on arched walls on top of the beams; centre: 
Small walls form a net to reinforce the one-brick shell and place the brick floor; right: View of the 
completed vault from below (Bosch 1949). 


Spanish Civil War (1936-39), the technique was used on a large scale, both in reconstruc- 
tion work and in new construction (plate II). The war first, and dictator Franco”s autarchy 
post-war, led to a great shortage of cement and iron. Thus a large part of the reconstruction 
of the devastated regions was carried out using vaults. Some episodes have been studied in 
detail, such as the reconstruction of the village of Villanueva de la Cañada in Madrid 
(Churtichaga 2001), or the construction of cheap houses in Girona (Cabrera et al. 2005) 
following the so-called “four-point vault” (fig. 1) devised by the architect Ignacio Bosch 
(Bosch 1949). Although there is a lack of general studies on the diffusion of vaults in Spain 
or the use of the tile vault in the post-war period, it is enough to take a look at the issues of 
the journal Reconstrucción, published between 1940 and 1953, to see how widely the tech- 
nique was used. 

The interest in tile vaults in Spain led to some important articles and books. Professor 
Buenaventura Bassegoda delivered a lecture on the topic in 1946 (Bassegoda 1947). An- 
other, expanded, article was published in 1952. Perhaps the most important contributions 
were made by the architect Luis Moya, which is the subject of another chapter in this book 
(Gil Crespo 2021). Moya also published an excellent monograph in 1947, Bóvedas tabica- 
das (tile vaults), which as we shall see had an international impact. The book was written 
with the upmost clarity and excellent drawings, which promoted an understanding of tile 
vaulting among non-experts (fig. 2). 

Moya revived the Arab-Spanish tradition of building crossed-arch domes, which origi- 
nated in the Mosque of Córdoba. First, the cross arches were built with centering; then all 
the work proceeded without any centering or form, until the final completion of the roof, 
which was supported on the tile webs between the arches. It is hard to imagine anything 
more ingenious and economical, a modern application of “Gothic logic” (fig. 3). 


292 Santiago Huerta 


Figure 2. Construction of a barrel tile vault. The masons use a “form” (not a centering) to guide their work. 
The first layer of flat bricks is set with gypsum, which sets in seconds and serves as “centering” for the 
second layer with lime or cement mortar, which requires much more time to set (Moya 1947, 10). 


In the 1950s the Catalan architect Ángel Truñó wrote the manuscript for a book in which 
he described tile construction in great detail, with an extraordinary photographic documen- 
tation of the technique, based on his own work employing tile vaults in Barcelona. The 
typescript was preserved in the Library of the Catalan Architects Association and was even- 
tually published in 2004 (Truñó 2004) (plate II, E-G). 

Vaults continued to be used in the 1960s and 1970s, although they were already in clear 
decline. However, it is interesting to note that the staircases of apartment buildings contin- 
ued frequently to be built with tile vaults until the 1980s, a reflection of the speed and 
economy with which vaults could be built. Fernando Cassinello”s booklet on brick vaults of 
1961 (reprinted in 1968) includes a chapter on “Escaleras tabicadas” (tile-vault stairs) de- 
scribing the technique. 
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Figure 3. Church of Manzanares. Crossed-arch dome of 13.30 m span, supporting a lantern. The drawing 
describes the constructive process (Moya 1947, 26). 


In the past two decades, the rise of construction history as a new independent disci- 
pline has produced a renewal of the interest in tile vaulting. Contributions on tile vaulting 
have been made in every Spanish Congress of Construction History since the first con- 
gress held in Madrid in 1996. After the sixth congress of 2009 in Valencia, the time 
seemed ripe to organise an International Symposium on Tile Vaulting, which was eventu- 
ally held in 2012 (Zaragozá et al. 2012). A second International Symposium was held 
also in Valencia in 2018. 
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Figure 4. Building a tile-vault stair. Left: The first shell is built on the air, the first bricks “stuck” to 
the lateral wall; centre: A second layer is built breaking joints; right: Next flights are supported on 
those already built (Cassinello 1961). 


France 


Tile vaults were traditional in the Roussillon in the south of France. This region belonged to 
the Spanish kingdom until 1659, after which the tile-vaulting technique was transmitted to 
the Languedoc. In the first half of the 18th century tile vaulting aroused the interest of 
French architects, and the peculiarities and advantages of the technique were discussed in 
several sessions of the Académie Royale d "Architecture between 1747 and 1755. However, 
though the Académie valued the new technique, it eventually recommended the placement 
of bricks not flat but sur le champ, following the so-called pitched brick technique, and us- 
ing cement mortar mixed with gypsum, which required centering. However, in 1754 the 
Count of Espié published a book with the title Maniere de rendre toutes sortes d 'édifices 
incombustibles (How to render all types of buildings incombustible) (plate IL, A), which 
had an immediate impact in Europe: it was published in 1756 in England, in Germany in 
two editions of 1760 and 1774, and in Spain in 1776 by Sotomayor. What mainly attracted 
attention was Espié”s proposal to make a roof entirely of brick and therefore incombustible. 
Espié also developed a “theory” about the structural functioning of vaults that was essen- 
tially erroneous, since it held that vaults do not produce thrust (Huerta 2003). 

Espié”s ideas were collected in general treatises on architecture and construction, includ- 
ing his false assumption about the lack of thrust — in fact, this false theory has survived, 
against all evidence, up until our day. Patte in his additions to Blondel”s Cours d 'architecture 
(1771-77) dedicated a whole chapter (chapter 2 in vol. 6), fifty-seven pages and seven 
plates, to tile vaults (fig. 5 and plate III, B-C). He described in detail this type of vault, 
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Figure 5. Construction of a cloister tile vault (Blondel-Patte 1771, VI Pl. 85). 


glving examples of their application in important buildings. Perhaps for the first time tile 
vaults were employed in a multi-storey building subject to great loads. In Versailles, the 
architect Berthier constructed the Hótel des Affaires Étrangéres et de la Marine in 1761-62. 
He employed surbased tile vaults to protect the archives kept in the building from fire. The 
Imprimerie Royale occupied the ground floor, the Affaires Étrangeres the first floor, the 
Marine office took the next three stories, and the attic held the ordnance models (Bannister 
1968) (plate III, E). 

Rondelet in his £ 'art de bátir summarised Patte”s information. Rondelet's treatise, with 
numerous French editions and translations into German and Italian, was the main channel 
for the diffusion of tile vaults in central Europe, where this tradition had apparently never 
been active. The best source to study this episode of tile vaulting in 19th-century France is 
Bannister (1968), a paper written about 1950 and published posthumously with revisions 
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by George R. Collins. The contents of the massive notes, which doubled the size of the text, 
can be “mined” today with surprising results. 

It appears that in the 19th century tile vaults were no longer employed in representative 
buildings, but were used for rural constructions (Lasteyrie 1820, Saint-Félix 1820) (plate 
TIL, D), or parish churches. However, evidence about the actual use of tile vaults is scarce. 
In 1837 the civil engineer D”Olivier published a paper on construction with tile vaults and 
made tests to ascertain their thrust. He demonstrated that tile vaults do thrust, but made no 
mention of the erroneous theory of Espié. Almost twenty years later another engineer, Fontaine 
(1865), made extensive tests on tile vaults supported on big iron beams. In each test the 
load was increased to collapse. One of the tests described was undertaken on three tile 
vaults with a span of 4 m (and a rise of 0.4 m), spanning between wrought iron I-beams (of 
47 cm depth) with a span of 6.25 m, covering a total area of 72 m?. The test was carried out 
until failure occurred under a load of 1,250 kg/m. In another test on a tile vault spanning 
3.75 m (again with rise:span ratio of 1:10), the vault carried a load 0f 2,700 kg/m? without 
failing. Tests of such magnitude were not made in an isolated manner. Indeed, Fonataine 
mentions that: “The 72,000 square metres of floor that we have to build are made up of a 
succession of flat vaults of 4 metres span resting on flexible beams”' (Fontaine 1865, 152). 
The tests were probably made during the construction of such an enormous work; however, 
Fontaine gives no data about it. From the proportions and dimensions of the tests, 1t could 
have been a textile factory (Huerta 2003). Tests on tile vaults in the 19th century have been 
studied in detail by Redondo (2013) and in a chapter of this book (Redondo 2021). 

There is documentary evidence, though fragmentary, of the construction of tile vaults for 
churches in the second half of the 19th century, either new or in works of restoration. Al- 
though this history requires more research, 1 can offer some data here, selected almost at ran- 
dom. In the Catalogue de brevets d 'invention for the year 1844 appears a Procéde de fabrication 
de briques propres a construire, avec solidité et économie, des voútes planes, cloisons et toits, 
sans employer de charpente, (Process for the manufacture of bricks suitable for the construc- 
tion, with solidity and economy, of tile vaults, partitions and roofs, without using a wooden 
framework) registered by Luri et Nicolai in Bastia (Corsica). A certain E. Heurteau from 
Orleans appears in several documents as a builder of tile vaults for churches in the 1860s and 
1870s. For example, a notice in the Bulletins de la Société Archéologique de l'Orléanais of 
1862 states that he had to rebuild some vaults in the church of Saint-Donatien, Orléans: 


This sad necessity has enabled Mr. Heurteau, plasterer-contractor, to give a new proof of 
the intelligence and taste he displays in his profession. His ribbed vaults and colonettes, 
made of ad hoc bricks, leave nothing to be desired in terms of solidity of construction and 
perfection of work.? (Buzonniére 1862, 207) 
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Haurteau also rebuilt some vaults of the Église Paroissiale Saint-Germain (plate IV, A). 
Heurteau was succeded by Pothin, another constructor of Orléans, who in 1877 patented a 
Systeme de briques creuses destinées a remplacer la pierre dans la construction des nervures 
des voútes d 'église (Hollow brick system to replace stone in the construction of church 
vault ribs), published in the Bulletin des lois de la République francaise (Vol. 1, 126). Even- 
tually the Ancienne Maison Pothin was succeeded by Bocquereau Cie as advertised in 
the Annuaire du bátiment et des travaux publics, 63* année, 1893 (plate IV, B). Several de- 
tails included in the advertisement are remarkable. First, it is claimed that the system was 
employed in the construction of more than 500 churches in France, and also in some impor- 
tant buildings such as the Palais du Trocadéro built for the Exposition Universelle in Paris 
in 1878. Besides stressing the advantages of tile vaulting, such as economy, lightness, ro- 
bustness and absence of centering, relevant technical data are offered: the vaults are sup- 
posed to resist a load of 2,300 kg/m”. Finally, another advantage is the absence of thrust, 
“pas de poussée possible.” The false assumption of Espié continued to be exhibited as an 
argument to choose tile vaults. The detail in the advertisement shows a disposition that was 
repeated in later adverts by other companies like Fabre and Pradier. It is remarkable that, in 
contrast with the tile vaults of the 18th century (plate III), there is only one shell of bricks, 
with a thickness of about 4 cm. 

There were several maisons that built tile vaults for churches, but it was Auguste Fabre 
who appears to have been the most active and who eventually dominated the field. He es- 
tablished a company in 1896, which then flourished for decades. The company became fa- 
mous for Fabre”s work at the Exposition Universelle de Paris of 1900, were the Fabre sys- 
tem was used in the great dome and vaults of the Petit Palais, a feat remarked by the 
engineer Arthur da Cunha who edited the book on the works of the Exposition (Cunha 


A, Doubleanr, — B, Neryuros. — €. Formerets. 


Figure 6. Drawings extracted from advertisements of several tile vault building companies. Left: 
Bocquereau 1893; centre: Pradier 1903; right: Fabre 1903. 
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Figure 7. Palais de la Céramique in the Exposition Internationale of 1937 (Ragot 1987). 


1900). Paula Fuentes has made a thorough study of the origins and activity of the maison 
Fabre in France and of the derived patents in Belgium (Fuentes and Wouters 2019; Fuentes 
2021a, 2021b, 2021c). In what follows we will summarize the pertinent information for this 
chapter; the interested reader should consult Fuente”s contributions. 

Fabre patented several solutions between 1900 and 1945, and his advertisements ap- 
peared in the most important French architectural journals. Up until the 1930s the compa- 
ny”s main activity was the construction of vaults for churches, and Fabre claimed to have 
built 1,500 churches by then (Fuentes 2021b). Then, in 1935 he patented a roof, Systeme de 
voútes porteuses de toitures (System of load-bearing roof vaults), combining tile vaults and 
reinforced arches embedded in hollow bricks (plate V, A—B). However, Auguste Fabre 
proved himself to be ingenious and able to adapt to the requirements of the project and the 
desires of the architect. Together with the architects Robert Camelot and Jacques and Paul 
Herbé, he adapted his patent for the great dome of the Palais de la Céramique, with a cir- 
cumference of 17 m, at the Exposition Internationale of 1937 in Paris, (Ragot 1987) (plate 
V, C-G). The roof rests on double radial tile walls, which are supported by the single layer 
tile dome. Inside the walls, which serve as formwork, reinforced concrete arches are joined 
together in an upper ring. At the base, a reinforced concrete tie beam absorbs the thrusts of 
the dome (plate V, G). In the barrel vaults the reinforced glazed arches provided lighting, 
wind bracing and stiffening for the tile vaulting (plate V, D). 

The last advertisements for the Établissements A. Fabre found in French journals are 
from 1945. The emphasis had by then changed from church vaults to roof vaults (plate V, 
A-—B). What happened to the company? A review of Fabre”s known work shows a great 
mastery of tile-vault building, and he collaborated with great architects in important build- 
ings over four decades. Was Fabre a “French Guastavino,” able to collaborate and improve 
the architectural projects in which he was involved? Here is another episode of the history 
of tile vaulting that needs detailed research. 
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The tile-vaulting technique was well known, then, in pre-war France. It would have 
seemed logical to use this technique in the tasks of reconstruction, first during the Vichy 
Régime and then after the defeat of Germany in 1945. However, it appears that only a sin- 
gle person, the architect Pol Abraham, seriously considered this possibility. Only one mon- 
ograph (Miraygou 2008) has been published on Abraham (1891-1966) although he was 
well known in France in the 1930s for his projects in the style of the so-called “modern ar- 
chitecture” and he developed an early interest in masonry vaults. He also had a strong tech- 
nical background, having worked as a structural engineer (reinforced concrete) before initi- 
ating his career as an architect (Collura 2008). In 1924 he completed his studies and 
submitted the title of his thesis on Viollet-le-Duc, which he completed in 1933 and pub- 
lished as a book in 1934 (Abraham 1934). Abraham's ideas, including his frontal attack on 
Viollet-le-Duc”s theories, provoked an “earthquake” in the interpretation of Gothic, the 
waves of which continue to affect today”s publications (Cisternino 2005; Huerta 2009). 
Most pertinent today is his deep knowledge of the structural behaviour of masonry vaults. 
Although Abraham's analysis are sometimes biased by his over-critical attitude to Viollet- 
le-Duc, it is evident that he has a profound understanding of the equilibrium of vaults, 
which is the central issue in masonry architecture (Heyman 1995). 

In the 1930s Abraham was able to combine frantic activity as a “modern architect,” edi- 
tor and contributor to important French architectural journals, with inspection works in 
medieval churches and a continued reflection on the possibilities of traditional masonry in 
modern construction. (Abraham considered reinforced concrete, béton armé, as a modern 
kind of masonry, maconnerie. Traditional, historic masonry, maconnerie, was unrein- 
forced). In fact, just after completing his dissertation he became Departmental Inspector of 
Technical Education in the reinforced concrete section. In 1938 he became an architect for 
the Enseignement (training) department and was responsible for the construction of the 
School for Masontry Trades (L 'école des métiers de la maconnerie) in the rue Saint-Lambert 
in Paris. 

When war broke out in 1939, Abraham was commissioned with the never-completed 
avant-project of building a new factory in the provinces to replace one in the Paris region 
(Abraham 1942). All the roofs of the new factory would have been built with tile vaults, 
covering a surface of around 35,000 m?. The vaults were supported on a reinforced concrete 
skeleton of piers and bow-string arches (plate VI) and consisted of a double shell of single 
tile vaults connected with single brick ribs (plate VI, D). The bricks were hollow (briques 
creuses), measuring 7.5 x 15 x 30 cm. To improve isolation, the space between the shells is 
filled with coke slag. The construction results using this method are much more economical 
than with shells of reinforced concrete, due mainly to the absence of formwork. The factory 
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was never built, but the avant-project was a strong declaration of intent on the possibilities 
of tile vaulting in modern buildings. 

In 1941 Abraham published a paper on the use of surbased tile vaults for floors in 
multi-storey buildings. He took as a precedent the already mentioned Hótel des Affaires 
Étrangeres in Versailles (plate III, E). The five floors of this building are vaulted with 
spans of 6.75 m and a height 1/10 of the span, about 60 cm. Abraham points out that 
these vaults had supported the enormous weight of the archives for 180 years and that 
this was an incontrovertible proof of their strength and safety. As already stated, he was 
then involved in the construction of the Musée de la Maconnerie in Paris, for which the 
floors would be tile vaults (plates VII-VIID. The idea is the same as in the factory: a re- 
inforced concrete framed skeleton, which supports the vaulted floors. He considered the 
cloistered vault surbased to 1/10 as the more adequate (fig. 8, top). He then made a com- 
parison in terms of price, erection time and carbon consumption between a tile vault and 
a reinforced concrete floor (fig. 8, bottom). The overall cost reduction in favour of tile 
vaults is about 30%, but Abraham stressed that carbon consumption is drastically reduced 
to almost one third. This last fact was crucial in war times as France, as Abraham pointed 
out, was a coal-importing country. (Today the same comparison may be quite relevant for 
the decarbonization of buildings!). Abraham's project for the museum had some reper- 
cussions in the construction world and, for example in Spain, was cited on several occa- 
sions by Bassegoda (1947, 1952) and Moya (1947). 

At the same time that he was finishing the construction of the musée, Abraham com- 
pleted a project for a big school for apprentices in Andressy (Hermant 1942) (plate IX), 
again using exclusively tile vaults for the floors. The project was not eventually built. It is, 
however, an indubitable sign of the interest in employing tile vaults. 

Along with his work on the musée, Abraham maintained a constant reflection about the 
means to integrate masonry walls and vaults in modern architecture. Within this general 
context, he also felt the urgency of constructing with limited means after the war devasta- 
tion. A year later, in 1943, Abraham published another article with the title “Défense et 
illustration de la maconnerie” (Defence and illustration of masonry). At the very beginning 
of the article he expresses his conviction that masonry construction would play a crucial 
role in the future: “the aim of this study is to show that the art of masonry is not in decline, 
but on the threshold of a gigantic revival”? (Abraham 1943, 229). He discusses its advan- 
tages; for example the weight, which for a modern mind is synonym of cost, to Abraham is 
what gives calm to housing — “le poids est le facteur essentiel du calme dans I'habitation” 
(Abraham 1943, 233) — as it reduces the noises and tremors and, crucially, gives thermal 
inertia to the buildings. 
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Figure 8. Top: Construction of tile vaults without centering; bottom: Comparison of prices, time 
spent and tonnage of coal for the two floors. Left: tile vault (bricks 7.5 x 15 x 30 cm), mass concrete 
backfill and perimetral ties; right: Reinforced concrete ribbed slab (Abraham 1941). 


In the article Abraham also discusses the origin of prejudices against masonry in differ- 
ent sections: the illegitimate comparisons, the abusive analogies, the usual critics, the pre- 
war building shortcomings. But he also speaks of emerging hopes and the possibility of in- 
tegrating traditional masonry, in an improved form, in the architecture of the future. 
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Figure 9. Construction of the vaults and frame of the Masonry Museum (Abraham 1941, 44). 


Abraham complains that the success of reinforced concrete has produced a basic distrust 
towards traditional, unreinforced, masonry. He complains that it appears that brick or stone 


are under suspicion: 


It seems that stone and brick masonry has become minor, or crippled; it is no longer con- 
ceived without a medical corset. We must react. Structure is not only about lintels and 
posts; it is also about arches and walls.* (Abraham 1943, 236) 


For Abraham masonry, improved by local reinforcements and ties, will play a major role in 
the future. He affirms that vault action, combined with tension ties, is an eminently eco- 
nomical artifice. The whole article has a “prophetic,” revolutionary, tone, like many writ- 
ings by Le Corbusier. But this time the revolution consists in accepting the essential charac- 
teristics of masonry. This revalorisation of masonry should go hand in hand with the 
industrialisation of building, and Abraham dedicated a whole section to high-performance 
wall construction methods. 

A year later, in 1944, Abraham delivered a conference paper on “L'évolution des procédés 
traditionnels de construction dans la maconnerie de bátiment” (Abraham 1945). Here the 
discussion focuses on the standardisation of the construction of unreinforced masonry 
walls, with all the associated problems. It appears that Abraham finally recognised that 
vaults could not actually compete with reinforced concrete floors. It is only at the end of the 
paper that he mentions the employment of tile vaults for roofs (fig. 10). The image shows 
an improvement of Fabre”s patent of 1935 (plate V, A): the reinforced concrete arches have 
disappeared and the reinforced concrete slab acts as a tie to equilibrate the vault. It is again 
a new version of Espié”s comble briqueté (plate II, A). 
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Figure 10. Construction of tile vault roofs (Abraham 1945, 11). 


Another type of masonry vault had great success in post-war France: the barrel vault of 
ceramic tubes, fusées céramiques. According to Delemontey (2020, 150), by 1959 more 
than 150,000 m? had been built in France and more than 500,000 m? in other countries. 
These hollow tube vaults were barrel vaults, parabolic or catenary in shape, and were built 
with the help of a continuous formwork. 


Italy 


In Italy the tradition of building tile vaults is very old. In the south of Italy there are exam- 
ples dated to the 15th century (Bares and Nobile 2012); however, mentions in architectural 
and construction treatises only appear centuries later. The first occurs (Fatta et al. 2016, 
131) in the treatise of Amico (1726, 1750). In the 19th century tile vaults are mentioned in 
almost every architectural or construction treatise, though without much detail. As stated 
above, when a tradition is alive there is no need to give many explanations. The wide diffusion 
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Figure 11. Tile vault, volte alla volterrana, in the architectural manual of Cavalieri San-Bertolo 
(1827, Pl. 12). 


of tile vaults in Italy may explain the numerous names: volte in foglio, in piano, leggeri, 
volterrane or di quarto. The great impact of Espié”s book in Europe and the Italian transla- 
tion of Rondelet in the 1830s (with two editions), which summarised the descriptions of 
Blondel-Patte, may have encouraged Italian authors to mention this technique. One of the 
first to include a brief description is Cavalieri San-Bertolo (1826-27) (fig. 11), who how- 
ever does not mention Espié”s book. 

Italian tile vaults aroused the interest of some foreigners during the 19th century. For 
example, the German building inspector Wild (1856) wrote, after travels through Italy in 
the 1850s, a brief description of the construction of tile vaults in the Tuscany, volte Volterrane 
(fig. 12). These vaults, according to Wild, were only of one shell of bricks set flat and there- 
fore had a thickness of around 5 cm. The vault was reinforced by doubled arches of bricks 
about two feet apart (Fig. 2 in fig. 12). Vaults could have many different profiles, but the 
span-to-height ratio could not be greater than four. Centering and formwork were not need- 
ed, only some “forms” to guide the masons. Wild describes in great detail the building 
process, stressing the importance of good plaster and bricks. He also mentions the depth of 
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the buttress needed for different spans. The span/depth ratio is always greater than 10: to be 
stable the vaults would need great weight on top of the buttresses or iron ties. If the vault 
supports a floor then a wall should be built on the arches to reach the level of the keystone, 
and small vaults constructed between these walls. On top of these last vaults a filling of 
light masonry made of lime mortar and Puzzolana would form the floor. 


e 
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Figure 12, Description of the construction of tile vaults in Tuscany. Left: Barrel vault with filling 
until different bondings and reinforced arches; right: Barrel vault with extradosed transverse arches 
which support small vaults (Wild 1856). 


At the end of the century, Choisy cited these vaults in his famous Histoire de l'architecture 
while describing the use of bricks set flat to form the Roman vaults, commenting on their 
robustness: “These curved tiles form a vault and are extraordinarily strong. In Italy, and 
especially in Rome, curved ceilings are nowadays built using bricks laid flat in this way”* 
(Choisy 1899, [, 524). 

It seems that in the first half of the 20th century tile vaulting was already in decline. In 
the context of pre-war and war times it would have been sensible to revive tile vaulting due 
to the scarcity of iron and cement. However, I am not aware of any such initiatives. The 
only description I have found for the building of tile vaults in Italy in the first half of the 
20th century comes from a German architect born in Italy, Carl Sattler, who was commis- 
sioned by the Nazi Government to study the possibility of importing the technique from 
Italy to Germany. In 1940 Sattler travelled for five weeks through Italy, visiting buildings 
and paying a master mason to erect a series of tile vaults (plate X). In Florence he visited 
the Institute of Agriculture for Italian Africa, where some stairs with tile vaults were being 
built. He documented their construction (plate XI, A-C) and was fortunate enough to wit- 
ness some loading tests on the stairs (plate XI, E-F). He recorded the results: the thin vaults 
supported a load of 650-800 kg/m?, and showed a sinking of only 1.7-2.85 mm during 


306 Santiago Huerta 


loading and of 0.1-0.3 mm after unloading. On his return to Germany he wrote a report, 
with explanatory drawings (plate XI), which was published in the Bauwerk journal (Sattler 
1941). Sattler”s article had some impact. In France, some ofthe drawings were published in 
the special issue on masonry in the journal Techniques et architecture (1943, nm. 9-10). 
Eventually, Sattler”s report was included in a book on vaults published in 1948 by Friedrich 
Hess, professor at the ETH in Ziirich (Sattler 1948). 

What is most surprising is that some of the illustrations and photos of Sattler (1941) were 
included in a Russian book on the construction of tile vaults published a few years later 
(Serencis 1945). As much as can be judged by the illustrations and mathematical formulae 
— Í cannot read Russian — the book describes in detail the construction of tile vaults and 
presents the construction of several buildings. However, the vaults were built with a kind of 
mobile centering apparently invented by a certain Tupolev (1944) (fig. 13 and plate XIID. 
The matter of course needs much more research. It is also remarkable that today a Russian 
architect, Anton Bulatetsky, inspired by Serencis's book, is building wonderful tile vaults 
(www.nepole.ru). 
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Figure 13. Tile vaults in Russia. Left: Construction of a barrel vault; cf. with plate XII, A by Sattler 
(1941); right: Vault under construction using movable centering (Serencis 1945). 


T consider it very probable that the Italians used tile vaults in reconstruction or new con- 
structions after the war. However, I have found no written notice about this practice. As a 
curiosity, 1 would mention one episode of the employment of thin brick vaults, the so-called 
pitched brick vaults. The English architect R. E. Enthoven discussed the use of vaulting 
without centering in a lecture delivered in 1946, recounting his experiences as a Monu- 
ments and Fine Arts Officer in Italy (Entohoven 1946). In particular, he described the re- 
construction of the vaults of the church of Santa Teresa in Turin, bombed in 1942-43. The 
photographs show the spectacular use of this construction technique without shoring by 
self-supporting arches, with the simple guidance of light forms (fig. 14). 
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Figure 14. Reconstruction of the vaults of the church of St. Therese in Turin (Enthoven 1946). 


TILE VAULTS IN GERMANY 


Tile vaults were unknown in Germany until the publication of Espié”s book. The construc- 
tion of light fire-proof vaulted roofs caused a great deal of interest (Bode 2002, 302). A first 
German translation of Espié”s book was published in 1760, followed by a second edition in 
1774. From the end of the 18th century, when Gilly (1798) included this type of vault in his 
very popular handbook, the “espiesche Gewólbe” (Espié”s vaults) are quoted, though with- 
out much detail, in many architectural and construction handbooks, for example in Breymann 
(1849), which ran to many editions up until the beginning of the 20th century. It appears 
that the most detailed study of their application was made by Steiner, who in 1803 pub- 
lished a book on the “Design of a new quite fire-resistant construction type with vaulted 
ceilings and roofs for the safety and welfare of human dwellings and other buildings” (plate 
XIV). The book became quite popular and some authors referred to tile vaults as “Steiner ”s 
vaults,” “Steiner sche Gewólbe.” As the technique was completely alien to German build- 
ers there existed some distrust towards it. However, after Bode (2002, 340), Steiner suc- 
ceeded in building a tile vault covering a room of 5.6 m by 4.7 m, with a rise of0.4 m anda 
thickness of 6.5 cm, in the Weimar Palace around 1800. Perhaps tile vaults were not so 
popular in Germany because they had another method of building vaults without centering, 
the so-called pitched-brick vaults. The method, publicized by Lassaulx (1829), was tradi- 
tional in the north of Germany, probably since the late Middle Ages. In the 19th century the 
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technique was described in detail in most of the German handbooks on architecture and 
construction. The use of these vaults in Germany has been studied in depth by David 
Wendland (2008). 

The employment of tile vaults in Germany is an episode in the transmission of construc- 
tion knowledge which, although it did not have the impact that Guastavino had in America, 
is of enormous interest for the history of construction and is also yet another proof of the 
versatility and ease of transmission of the vaulting technique. The episode is linked to two 
personalities: an architect and a builder, both of Bavarian origin. The architect is Carl Sattler 
who, although coming from a German family, was born in Florence where he spent his 
childhood and adolescence. The builder is Max Rank, a member of a family of Munich 
builders, but who had strong ties with Spain, as we shall see. 


Carl Sattler (1877-1966) 


Eberhard Carl (“Carlo”) Sattler was born in Florence to a wealthy family from Schonungen 
in northern Bavaria. His father was the painter Ernst Sattler, who after his marriage settled 
in Florence, where he met the famous sculptor Adolf von Hildebrand, and where his first 
children were born (most of this information about Sattler has been taken from Scherer 
[2007]). Later Ernst Sattler moved to Wúrzburg, Frankfurt am Main and finally Dresden, 
where he bought a house and set up his studio. A restless spirit, he travelled around 
Germany, and visited Paris and England. Ernst distrusted the bookish education of the time. 
The young Carlo attended the Gymnasium in Dresden between 1890 and 1894, but at the 
end of the last year his father took him out of the Gymnasium to put him to work in the 
summer months as a bricklayer on a building site, work which the young Carlo enjoyed, as 
recorded in his diary. In the autumn of 1894 he entered the Technische Hochschule in 
Dresden to study architecture. On completing his studies Carlo returned to Florence to 
work in the workshop of the famous sculptor Adolf von Hildebrand (he eventually married 
one of his daughters), with whom he continued to collaborate even after founding his own 
studio. We could therefore say that his youth was that of a well-to-do, cultured architect, in 
close contact, through his father and his master Hildebrand, with various artistic circles. He 
was interested not only in architecture but also in music, literature and all manifestations of 
the culture of his time. 

From 1906 onwards Sattler lived in Munich, but continued to make trips to Italy and 
used vaults in some of his Italian projects, such as the Villa Apuana in Forte dei Marmi, 
Florence. He worked there intermittently until 1913. In this region of Italy, the construction 
of vaulted ceilings was still a popular tradition. Sattler was curious man with a passion for 
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the art of vaulting. In the course of one of his projects in Forte dei Marmi he met a master 
mason, Francesco Tognocchi, who gave him a demonstration that had a great impact on 
him, as he records in his diaries (Scherer 2007, 59): 


His [Francesco Tognocchi] light vaults, which 1 got to know in more detail later, were elegant 
and held excellently and made with only a string as the only tool. When he was to vault a 
hall of 6.50 x 13.0 m with lunettes and cloister vaulting according to my exact drawings and 
I asked for reinforcing arches and tie rods, he said: “None of that is necessary; let me prove 
it and dont come until 5 o*clock this afternoon.” This did not seem quite understandable to 
me, but there was a great surprise: he had vaulted half the room and had loaded the fresh 
vault in the most unfavourable place with all kinds of sacks full of sand and cement and was 
standing on it with his whole staff to greet me by a kind of African dance! A German struc- 
tural engineer or building official's hair would have stood on end! 


In 1926 Sattler was appointed director of the Kunstgewerbeschule (School of Applied 
Arts), though he was forced to resign in 1933 because of his wife”s non-Aryan origin, and 
in 1939 he was compulsorily retired. Although he did not belong to the Nazi party, he was 
able to continue to work occasionally and to use some of the school's facilities. Around 
1935 he wrote a short essay on the advantages of vaults (transcribed in Scherer 2007, 360— 
370). In it, he begins by lamenting the virtual disappearance of vaults in architecture, for, he 
says, “the art of vault construction is the culmination of masonry construction.” He also 
considers that the shortage of steel will serve to revive vault construction. He mentions ex- 
plicitly tile vaulting as practised in Tuscany, praising its great slenderness, strength and 
economy. He stresses also the speed of execution, given that vaults are built without false- 
work, using simple guides. He also points out that all types of vaults can be built: barrel 
vaults, cloister corner vaults, domes, staircases. Crucially, he was already thinking of im- 
porting the technique to Germany and about the problems involved in this transfer, includ- 
ing the need to educate German masons and to adapt building regulations. Finally, he ex- 
plains what the construction process of a multi-storey house with this type of vaulting 
would be like. 

As we have seen, some notice of Sattler”s interest and knowledge about tile vaulting 
must have somehow reached the Nazi authorities, who sent him to Italy in 1940 to study the 
technique. After the trip, Sattler attempted without success to convince the authorities to 
apply the tile-vaulting technique for economical reasons. Eventually, in 1947 he received 
the commission for reconstructing the Landeszentralbank in Munich, destroyed during the 
war. The building company chosen for the task was Bridder Rank, whose director was also 
familiar with tile vaulting. 
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Max Rank (1900—75) 


The Rank company was originally founded in 1862 as a carpentry workshop by Josef Rank 
(1832-1909), and was re-founded by his sons, Josef, Franz and Ludwig, as a building com- 
pany under the name of Briidder Rank, Rank Brothers in 1899. In the early years, the company 
was engaged in the construction of houses for the upper middle class as well as apartment 
buildings. At the beginning of the 20th century, they specialised in the new building material: 
reinforced concrete. The first concrete buildings established the recognition and success of the 
company. Also at the beginning of the century, a relationship with Spain was established. In 
1911 they received an order to build a gas and electricity plant in Seville, on which they 
worked from 1911 to 1915. When they began to work in Spain, the Germans admired the 
Spanish masons for their ability to build vaults without falsework, very light vaults built very 
quickly and economically. One ofthe Rank brothers, Ludwig, then decided to found a subsid- 
lary company in Spain. The company ceased operations during the First World War. After the 
war Ludwig Rank settled in Spain. His nephew Max, Josef”s son, came to help him and 
worked in Seville from 1926 to 1929. After another brief stay in 1932 due to the death of his 
uncle, Max returned to Germany as manager of the company. After the war, Germany was in 
aprocess of reconstruction marked by a shortage of iron and wood. It was then, it seems, that 
Max Rank considered the possibility of using vaulted ceilings. In the Basiner Archive, be- 
longing to the former manager of the company, there are several books that show this interest: 
those by Moya (1947) and Bassegoda (1947), as well as the book published in 1961 by 
Cassinello (1961) on brick vaults, which has a couple of chapters dedicated to vaults. 


The Landeszentralbank 


Max Rank had the opportunity to apply his knowledge of Spanish tile vaults when his com- 
pany was contracted for the rebuilding of the Landeszentralbank in Munich, after the project 
designed by Carl Sattler (plates XV-XVIID. Both men cooperated fruitfully during the four 
years of the work, between 1948 and 1951. This collaboration is the key work for understand- 
ing the spread of tile vaults in Germany. Rank knew the Spanish technique, whereas Sattler 
was familiar with the Italian one. Thus, a mixture of Italian and Spanish techniques was pro- 
duced. Italian vaults, as we have seen, are normally of a single shell, with some spaced rein- 
forcements by doubling with flat bricks at intervals, while Spanish tile vaults always have at 
least two layers of flat bricks. The rule that apparently was followed in the Central Bank was 
to make the vaults of a single layer when they were only self-supporting; that is to say, they 
formed a space but the main structure of ploughed concrete was independent. On the roofs, 
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Figure 15. Load test on a tile vault made by the Rank Company (Archive Basiner). 


however, the vaults had two layers. Probably the city of Munich asked for some guarantees 
about the robustness of this foreign technique. Then in July 1948 the Rank Company under- 
took a structural test on a vault of 4 m span and 0.40 m rise. The vault withstood a maximum 
load of 960 kg per square metre with minimal settlements (fig. 15). 

The Landeszentralbank was used by Sattler and Rank as a testing ground for various 
kinds of vaults, including groin vaults, barrel vaults with lunettes in the casino, and con- 
tinuous barrel vaults with skylights in the roof. It should be mentioned that a practice that 
Sattler had rarely seen in Italy was also followed, which was to leave the brickwork ex- 
posed in the soffit. This practice was made a trademark by the Spanish architect Guastavino 
in his vaults built in America, but Guastavino”s work does not seem to have had the slight- 
est influence on the work of Sattler and Rank. 


Tile Vaults in Munich 


After the enormous success of the Landeszentralbank, which was described in Bassegoda's 
1952 book, Sattler did very little work and finally retired. Max Rank, however, continued to 
use vaults in reconstruction work with notable success. For example, the traditional Matháser 
brewery was rebuilt and the groin vaults with oculi were constructed in 1956 (plate XIX). 
The vault of the Reiche Kapelle in the Residenz was also rebuilt in 1957 using the same 
system (plate XX). The church of St. Anna, formerly the Kloster-und Damenstiftskirche 
St. Anna, was destroyed by a bombing in 1944; between 1957 and 1958 its dome was re- 
built with great economy using a simple rotating form (plate XXI). 

The great dome of the former Augustinian church, Agustinerkirche, now the Jagdmuseum, 
with a span of 9 m and a length of 55 m, was completely destroyed. Figure 16 shows the 
reconstruction of the vault and the current state where the plaster and decoration hide 
the brickwork (see also plate XXID. 
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Figure 16. Old church of S. Agustin, now the German Hunting and Fishing Museum, in Munich. 
Left: Main vault reconstructed with tile vaults just after completion (Rank 1962), see also plate 
XXII; right: The vault in its finished state (Basiner et al. 2012, 366). 


The company also received commissions for the use of brick vaults in modern buildings. 
Plate XXIII shows the dome of the Holy Cross Church, Heilig Kreuz-Kirche, Traunstein, 
built in 1952. Plate XXIV shows the cylindrical vaults of the Paul Gerhardt Protestant 
Church, Evangelische Paul Gerhardt-Kirche, in Munich Laim, 1953-56. Finally, in the 
1960s, the company ceased to build vaults, probably due to a change of mentality and the 
massive influence of reinforced concrete. 


CONCLUSIONS 


The technique of tile vaulting has demonstrated, over a long history of almost 1,000 years, 
an enormous potential for technological transfer. Tile vaults originated in the Mediterra- 
nean area and spread from Spain to Iran; at the end of 19th century they “jumped” to America 
with the Guastavinos. After the Second World War they were used in several European 
countries (Spain, France, Italy and Germany) in the context of a great scarcity of materials 
during the Great War. In the 1960s they were also used in Cuba, producing the amazing 
spaces of the School of Arts in La Habana (Loomis 1999). 
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The history of the construction of these modest and economical vaults has many lessons 
for building practice. First, it demonstrates that it is possible to make durable and robust 
vaulted structures, with an enormous economy of means. Second, this economy in no way 
limits architectural and engineering expression. And thirdly, this technique can be learned 
very quickly by any mason coming from another building culture. Moreover, it can be 
learned within months by any unskilled labourer. 

However, there is a “philosophy” behind this modest technique. It is a matter of build- 
ing vaults without centering, with speed and safety. This implies certain limitations of 
forms and means. A vault “tiled” on top of a continuous formwork is not a tile vault; it is 
a concrete vault. Once it is decided to build with formwork all the advantages of tile 
vaulting disappear. This is not only a matter of money: tile vaulting implies simple 
means, but also simple geometrical forms that can be “materialised” in the air by the ma- 
sons. This imposes some restrictions but, some say, there is no art without laws. Here the 
laws are the laws of equilibrium in compression. Recent experiences with “form-finding” 
structures, which lead to complicated surfaces with Gaussian negative curvatures, seem 
to me to be outside the tradition (López et al. 2016). However, the process of reviving tile 
vaulting in the 21st century is just beginning. We must learn as the old master builders 
learnt, by the critical evaluation of “experiments,” and any new built structure is an ex- 


periment. 


NOTES 


1. “Les 72000 métres carrés de plancher que nous devons construire, sont formés d'une 
succession de voútes plates de 4 metres de portée reposant sur des poutres flexibles.” 


2. “Cette triste nécessité a permis á M. Heurteau, plátrier-entrepreneur, de donner une preuve 
nouvelle de l'intelligence et du goút qu'il déploie dans sa profession. Ses voútes a nervures et 
ses colonnettes, en briques fabriquées ad hoc, ne laissent rien á désirer sous le rapport de la 
solidité de la construction et de la perfection du travail.” 


3. “le but de cette étude est de montrer que l'art de la maconnerie n'est pas sur son déclin, 
mais a l'aurore d'un renouveau gigantesque.” 


4. “il semble que la maconnerie de pierre et de briques soit devenue mineure, ou infirme; on ne 
la congoit plus sans corset médical. Il faut réagir. La structure, ce n'est pas exclusivement des 
linteaux et des poteux; c'est aussi des arcs et des murs.” 


5. “Ces carrelages courbes font voúte et sont d'une extraordinaire solidité. En Italie et surtout a 
Rome, on construit de nos jours des plafonds courbes a l”aide de briques ainsi posées a plat.” 
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Plate 1 

A. Church with tile vaults. Note the thickness of the dome (San Nicolás [1639] 1989). 
B. Semicircular barrel tile vault with lunettes with double curvature (Fornés 1841, 
Plate VID. 

C. Chapter house with tile dome; a hidden tile vault provides a counterthrust to the 
dome (Fornés 1846, Plate XXVI). 
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Plate Il 

A. Collapsed vaults of the cathedral of Vich (Alejos 1942, 131). 

B. Rebuilding with tile vaults finished in 1940 (Alejos 1942, 131). 

C. Building of sail tile vaults for a factory in Igualada, Barcelona (Bassegoda 1947). 

D. Great stair tile vault tested after completion. Bassegoda (1952, 44) comments: “The 
architect, the quantity surveyor, the contractor and the foreman defy, undaunted, a 
unique somatic load test. Of course, at the time, there was no family burden.” 

E-G. Construction of the dome and windows in the church of San Miguel de los 
Santos, Barcelona, 1950s (Truñó 2004). 
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Plate IM 

A. Fire-proof tile roof, comble briqueté (Espié 1754, Pl. ID. 

B. Terrace suported by a three-layer surbased tile vault (Blondel-Patte 1777, Pl. 99). 

C. Tile vault roof in the Palais-Bourbon (Blondel-Patte 1777, Pl. 104). 

D. Use of tile vaults in rural construction (Lasteyrie 1820, Pl. II). 

E. Section through the Hótel des Affaires Étrangéres et de la Marine, built by Jean- 
Baptiste Berthier in 1762. The tile vaults, which support the library and archives, have 
a height of 1/10 of the span (Abraham 1941, 37). 
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Plate IV 

A. Parish church of Saint-Germain. Tile vaults rebuilt after the procédé Heurteau in 
1873 (Conseil général des Yvelines). 

B. Advertisement of tile vaults of the Bocquereau system (Annuaire du bátiment et des 
travaux publics, 1893). 

C. Construction of the webs of cross vault employing tile vaults (Cunha 1900, 73). 
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Plate V 

A. Fabre's patent of 1935 for tile-vaulted roofs (Fuentes 2021b, fig. 7). 

B. Roof of the Chapelle de Taverny, vaulted following Fabre's patent (Kirchacker 1936, 26). 

CF. Great dome and vaults of the Palais de la Céramique in the Exposition Internationale 
of 1937 in Paris built by Fabre (Ragot 1987). 

G. The great dome under construction (L architecture d'aujourd 'hui 1937, nov., p. 16). 
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Plate VI. Avant-project by Pol Abraham for the transfer to the provinces of a factory in 
the Paris region in 1939 (Abraham 1942). 

A. General plan. 

B. Module. 

C. Perspective view of the system of tile vaults, covering circa 35,000 m?. 

D. Detail of the double tile vault shell. 
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Plate VII. Musée de la Maconnerie in Rue Saint-Lambert, Paris (Abraham 1941). 

A. Construction of the grillage of reinforced concrete beams to support the tile 
cloister vaults. 

B. Perspective view of the vaults showing their relation with the reinforced concrete 
skeleton. 
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Plate VIII. Musée de la Magonnerie in Rue Saint-Lambert, Paris. Photos of the vault 
construction published in the special issue on Maconnerie (Masonry) published by the 
journal Techniques et architecture in 1943 (3 (9-10), 228). 
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Plate IX. Project of School for 150 Apprentices in Andressy designed by Pol Abraham 
exclusively using tile vaults for floors and roofs. The project was not built (Hermant 1942). 
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Plate X. Photos made by Sattler (1941) of the construction of a series of tile vaults by 
an Italian master. 

A. Building of a cloister vault with lunettes. 

B. Springing of a sail vault. 

C. Springing of a cross vault. 
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Plate XI 

AC. Stair tile vaults built in the Institute of Agriculture for Italian Africa in Florence, 
photographed by Sattler in 1941. The type is the so-called scala alla romana (Roman 
vault), which was widely diffused in Italy. 

D. Analytical drawing of its construction (Frattaruolo 2000) 

E—F. Load tests on the stairs (Sattler 1941). 
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Plate XII. Details of Italian tile vaulting. 

A. Possible solutions for a barrel vault supporting a floor (Sattler 1941). 

B. Cloister vault supporting a floor. First little walls are built and then small surbased 
vaults span from wall to wall. Eventually, a filling would make the horizontal floor 
(Sattler 1948). 

C. Different solutions of brick bond, with parallel joins or herringbone bond, spina 
pesce (Sattler 1948). 
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Plate XIII. Construction of tile vaults in the 1940s in Russia. 

A. Detail of the construction of a translation vault with the centering device to 
complete the elementary tile arches (Tupolev 1944). 

B. Tile vault stairs in a multi-storey building (Serencis 1945). 

C. Cross and barrel tile vaults (Serencis 1945). 
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Plate XIV. Design of buildings entirely made of masonry, using tile vaults instead of 
wood for the floors and roofs. 

A. Steiner 1803, Tab. XI. 

B. Steiner 1803, Tab. XII. 
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Plate XV. Main hall of the Landeszentralbank in Munich (Archive Basiner). 
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Plate XVI. Construction of the roof of the Landeszentralbank in Munich (Archive 
Basiner). 
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Plate XVII. Details of construction of tile vaults in the Landeszentralbank in Munich 
(Archive Basiner). 
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Plate XVIII. Casino in the Landeszentralbank in Munich. Barrel vault with lunettes of 
one shell of bricks (Archive Basiner). 

A. Under construction. 

B. Finished state. 
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Plate XIX. Tile vaults in the Matháser brewery in Munich. Reconstruction of the vaults 
in 1956 (Archive Basiner). 
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Plate XX. Rebuilding of the vault of the Reiche Kapelle in the Residenz, Munich, 1957 
(Archive Basiner). 

A. The finished baroque vaulting before adding the decoration. 

B. Blueprint for the vault construction. 
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Plate XXI. Church of St. Anna, Ehemalige Kloster-und Damenstiftskirche St. Amna. 
Reconstruction of the dome, between 1957 and 1958, using a simple rotating guide 
(Basiner et al. 2012, 364). 
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Plate XXII. Old church of S. Agustin, now the German Hunting and Fishing Museum, 
Munich. View of the reconstructed main vault (Basiner et al. 2012, 367). 


366 Santiago Huerta 


Plate XXIII. Dome of the Heilig Kreuz-Kirche (Holy Cross Church), Traunstein, built 
in 1952. Note the difference between the tile bonding of the internal shell, apparent, 
and the outer shell of tiles set breaking joints with the former (Archive Basiner). 
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Plate XXIV. Evangelische Paul Gerhardt-Kirche (Paul Gerhardt Protestant Church), 
Munich Laim (Archive Basiner). 


Tile Vaults in the Spanish Modern 
Movement, 1925-1965 


Ana Rodríguez García 
Rafael Hernando de la Cuerda 


The tile vault is the only masonry vault that continued, although in a limited way, into the 
20th century, particularly through some truly spectacular examples in the work of Guastavino. 
The Spanish modern movement made frequent use of the tile vault, with outstanding 
examples to be found in both Barcelona and Madrid. In the thirties, architects such as Josep 
Lluis Sert, Carlos Arniches and Sixto Illescas, built several examples. Tile vaulting sur- 
vived and coexisted naturally with new techniques in an important number of buildings, 
with some magnificent examples in the construction of staircases. In fact, tile vaulting is the 
only type of vaulted masonry construction that the modern movement in architecture ac- 
cepts as its own. 

On the other hand, the well-known temporary boom in tile-vault construction that took 
place after the Spanish Civil War was the result of the work of architects such as Luis 
Moya, Asís Cabrero and Rafael Aburto. This renaissance was not only due to the scarcity of 
materials at the time, but also because the new political regime extolled the virtues of a 
more traditional vision of architecture due to the distrust it felt for modern architecture, 
ideologically represented by the work of GATEPAC, in the Second Republic period. 

This chapter develops and studies the use of the tile vault before and after the Civil 
War, from 1925 until 1965. The use of tile vaulting in modern buildings and its coexis- 
tence with the unstoppable expansion of reinforced concrete will be explored, focusing 
on the possibilities of this technique for modern architectural approaches, and addressing 
the key issues of tile vaults in multi-storey buildings with an appropriate solution to 
counteract the thrust. 
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TiLE VAULTS IN THE SPANISH ARCHITECTURAL AVANT-GARDE, 1925-36 


The architectural avant-garde in Spain before the Civil War, in the 1920s and especially in 
the 1930s, focused mainly on Madrid and Barcelona, the only cities in the country with a 
School of Architecture. Two influential groups within this avant-garde, GATEPAC and the 
rationalist group in Madrid, developed the most relevant theoretical and built examples of 


architectural modernity in Spain. 


GATEPAC, the AC Journal and Timbrel Construction 


Fernando García Mercadal and Juan de Zavala from Madrid attended the constituent 
meeting of the CIAM (Congres Internationaux d Architecture Moderne) in La Sarraz, 
Switzerland, in 1928. Josep Lluis Sert subsequently approached Mercadal to organise a 
movement to promote modern architecture in Spain. The group was formed in Zaragoza 
on 26 October 1930 as GATEPAC (Grupo de Arquitectos y Técnicos Españoles para el 
Progreso de la Arquitectura Contemporánea) with three subgroups, one in the centre 
(Madrid), one in the north (San Sebastián and Bilbao), and one in the east (Barcelona). 
The eastern group functioned in the most organised way, keeping its initial acronym, 
GATCPAC (Grupo de Arquitectos y Tecnicos Catalanes para el Progreso de la Arqui- 
tectura Contemporanea). In the other groups, very little was formalised, with Fernando 
García Mercadal and José Manuel Aizpurúa being the main representatives of the 
groups. 

The 4C journal, GATEPAC”s organ of expression, was published quarterly in Barcelona 
from the beginning of 1931 until June 1937, with editorial offices in each of the three cit- 
les of the groups — Madrid, San Sebastián and Barcelona. It was especially promoted by 
Sert and Torres Clavé. The twenty-five issues of the journal were the means of exchange 
and common expression of the members of GATEPAC, and represent a manifesto of the 
group”s architectural ideas. AC provides a first-hand and fundamental source for under- 
standing the Spanish modern movement. The articles published in the journal develop 
several lines of thought, three of which are particularly relevant to the subject we are 
dealing with: 


1. An interest in popular architecture and construction for its honesty, sobriety and wisdom, 
and as a possible source of inspiration in the search for and development of a new archi- 
tecture. 

2. An interest in the constructive and technical aspects of architecture. In most of the pub- 


lished projects, a brief reference is made to their constructive aspects. 
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Fs 


Figure 1. The type C dwelling of the weekend houses in El Garraf, Barcelona, 1934, by the architects 
Sert and Torres Clavé (4C 1935, 36). 


3. A defence of true architecture regardless of the period, with a special interest in showing 
respect for the architecture of the past. A constant feature is the harsh criticism of histor- 
icism and academicism, with large red strikethroughs on the examples criticised, both of 
the architecture of the past and of the “false moderns.” 


In the pages of the magazine there is a search for what modern architecture should be 
like, in which traditional and standardised materials coexist. In this context, there are nu- 
merous references to brick constructions, especially in floor slabs and staircases.' 

One example that stands out as a prototype of modernity is the project for the week- 
end houses in El Garraf by Josep Lluis Sert and J. Torres Clavé, “Small houses for 
weekends,” which provides the image chosen for the cover of issue 19. The project re- 
sponds to a then new phenomenon in modern society, the holiday home. Four types of 
houses were planned, all sharing certain characteristics, such as a terrace with privi- 
leged views of the sea and direct contact with nature, and minimal dimensions. The 
construction of the tile vault in types C and D, which covers exterior and interior areas 
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in continuity, configures a very powerful relationship with the exterior, and the living 
room can be interpreted as the covered part of the terrace. The views of the sea and 
nature are framed by the terrace and the different parts of the living room?”s open space. 
It is particularly relevant that the main organ for the dissemination of the Spanish mod- 
ern movement dedicated the cover of an issue devoted to the evolution of interior space 
to a single image of the vaulted interior of the type C dwelling of the houses in Garraf, 
built with a tile vault (fig.1 and plate [). 

Among the works with timbrel constructions published in 4C, the staircase of the apart- 
ment building in Padua Street is worth mentioning for its uniqueness, and La Casa Bloc for 
1ts importance as the masterpiece of GATCPAC, both in Barcelona. 


Apartment Building in Padua Street, Sixto Illescas Architect: The Staircase Configuring 
the Collective Space 


The concept of what a staircase should be in modern architecture is reflected in the com- 


mentary on the concrete staircase in architect Karel Hannauer”s Arosa House in Prague. 


This staircase by Arosa — a plastic and specific expression of an ideology that is imposing 
itself — has the appeal of a spontaneous idea come true. 

Light, young and anti-routine. It is a tribute to light and cleanliness. We must move away 
from this kind of dark staircase that climbs heavily between four walls. The modern build- 
ing, a firmly oriented concretion, requires optimistic staircases, free from the heaviness of 
the effect of four walls.? (4C 1932b, 29) 


The staircases are really important in the photographic documents published in the jour- 
nal, with images of staircases in many of the projects published. A large number of these 
staircases are made with a tile vault, and display the characteristics described in the Arosa 
House staircase. Among these buildings, radical representatives of modernity, the staircase 
of the rental apartment building in Padua Street in Barcelona by the architect Sixto Illescas 
stands out for its configuration as shown in the three photographs published, one of them 
under construction (fig. 2 and plates I-IID. 


Staircase body built with a Catalan vaulting, made by three brick layers, supported by 
0.15 m thick walls. In the vault that is not supported on the wall, an interior tie rod has 
been placed with an inclination of 45 degrees that will be embedded in the wall. (4C 
1934, 18) 
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Figure 2. Apartment building in Padua Street, Barcelona. The staircase under construction. Architect 
Sixto Illescas (4C 1934, 19). 


La Casa Bloc. Group of Workers” Houses in Barcelona (1932-36): The Staircase as 
Configuring the Interior Space and Image of Modernity in Social Housing 


Casa Bloc, GATCPACS*s flagship project, was developed for collective social housing on 
the initiative of the Patronat de 1” Habitació de la Generalitat de Catalunya. The project was 
built with the intention of being a prototype that could be extrapolated to other blocks as 
part of the growth of the city planned by the Plan Macia, and as a manifestation of the ur- 
ban planning set out in the Athens Charter. In this sense, the site, which had an interior 
street, was modified and regularised, and the building was located on the resulting rectan- 
gular plot, with an extension of 170 m in Avinguda de Torras 1 Bages and a width of 30 m. 
The building occupies a city block with an open a redent model, according to Le Corbusier”s 
project definition for the Plan de la Ville de 3 millions d 'habitants. The layout of the blocks 
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1s the result of a study to obtain maximum sunlight for the living rooms, all of which face 
east or south. There are no interior courtyards. The dwellings, all with exterior rooms, face 
both facades and are cross-ventilated. 

The building's vertical communications are provided by four staircases with lifts that 
connect the corridors leading to the flats on the odd-numbered floors. These corridors do 
not pass in front of bedrooms and dining rooms. The kitchens and bathrooms that open onto 
them have windows high enough so that they cannot be viewed from the outside (plate IV). 

On the structure of the building, the following commentary was published in 4C: 


The structure of the buildings will be made entirely of laminated steel; so the two functions 
of a wall have been separated: to support, a function now performed by the steel structure, 
and to insulate, a unique function that allows us to treat the wall in a completely different 
way based on insulating materials, achieving a minimum wall thickness and weight. This 
results in much less load to support and an economy to be taken into account in the foun- 
dations. The structure thus conceived allows us maximum freedom on the ground floors for 
the installation of collective services, such as clubs, cafés, library, places for cooperatives, 
etc., which can be built once the dwellings are occupied and the cooperation of all the ten- 
ants is organised.* (4C 1933, 23-26) 


All the flats are duplexes with two floors that are connected by a timbrel-vaulted stair- 
case. The staircase starts to rise on one side of the living room in the dividing wall between 
flats and then turns 90% to lead perpendicularly to the centre of the upper floor, thus allow- 
ing the bedrooms to be distributed on both sides. This layout of the staircase means that the 
dividing wall between dwellings does not coincide on the access floor and on the upper 
floor, allowing the number of bedrooms in the dwellings to be modified. In this way, the 
tile-vaulted staircase characterises the main living space (fig. 4). It is light, open and repre- 
sents a new way of life for the working class, in keeping with modern society. 

At the same time, the architects Sert, Torres Clavé and Subirana built the Dispensario 
Central Antituberculoso in Barcelona. Both buildings were built with a steel structure, 
adopting a solution based on metal joists and beam fillings with two voltes de maó in the 
floor slabs, with a continuous brick slab underneath, probably to improve insulation (fig. 3). 
This continuous brick slab is held hanging from the joists by the adhesion of the mortar that 
joins it to some bricks placed on the joists? wings, as stated in the project report. The graph- 
ic and written references in the 4C magazine corroborate the usual construction of slabs 
and roofs with this traditional technique, coexisting simultaneously with brick walls, metal 


structures and timbrel vaults in staircases. 
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DOCUMENTOS DE ACTIVIDAD O NTE MPORÁNEA 
Figure 4. Casa Bloc (1932-36) by Sert, Torres Clavé, and Subirana. Left: Cover of 4AC no. 11 in 1933; 


right: The tile-vaulted staircase characterises the main living space (Photo: Museu del Disseny de 
Barcelona). 


The Rationalist Movement in Madrid 


Coexisting with the GATEPAC, to which some of them belonged, a group of architects in 
Madrid began to work professionally between 1918 and 1923. This group,* together with 
the most influential architect of the time in Spain, the somewhat older Secundino Zuazo 


(1887-1970), developed a “rationalist” architecture. This group of architects displayed 
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various sensibilities, but with a common effort to de-ornament and seek new solutions in 
line with European avant-garde trends, as opposed to the dominant regionalism of the first 
quarter of the century. 

Another key figure in this generation was the civil engineer Eduardo Torroja (1889— 
1961), who worked mainly with architects in Madrid. As a result of this collaboration, three 
very important works were carried out, examples of the development and possibilities of 
reinforced concrete: the Algeciras Market in 1935 with Sánchez Arcas, the Recoletos Fron- 
ton in the same year with Secundino Zuazo, and the Madrid Hippodrome in 1936 with 
Carlos Arniches and Martín Domínguez. 

In January 1932, the Revista Arquitectura, the organ of the Colegio Oficial de Arquitec- 
tos de Madrid, dedicated its entire issue to the memory of the late Gustavo F. Balbuena, one 
of the journals founders. Secundino Zuazo, Torres Balbás and J. Moreno Villa wrote about 
him, the latter in an article entitled “Algo sobre su arquitectura” (“Something about his ar- 
chitecture”) in which photographs of some of his works explain his evolution from an aca- 
demicist background to a modern rationalist stance. Particularly noteworthy are his com- 
ments on Balbuena'”s interest in construction and brick as a material, and in particular in 


timbrel construction. 


Balbuena had made long studies, in his travels through Castile and northern Spain, about 
this way of building, so much our own. And he rejoiced at the impression made on foreign- 
ers by some of the timbrel works they saw being executed, without quite understanding 
how they could be resistant and stable. The vaults made for the staircases, for example. 
The finish and perfection of his brickwork is simply masterful.* (Moreno 1932, 23) 


Revista Arquitectura, during the years in which 4C was published, (from 1931 to 1936 
since the magazine of the Colegio de Arquitectos ceased publication during the war), also 
contains graphic and written references to timbrel construction. They may not be as numer- 
ous as in AC, not because many of the works published do not use it, but because the edito- 
rial line is quite different between the two journals. In 4rquitectura, images of staircases are 
not published with the same profusion as in 4C, and in addition, large-scale works in rein- 
forced concrete, a material which at that time was perhaps more developed in Madrid due to 
the influence of Torroja, are published extensively. 

Three residential projects in Madrid, of very different scales and conceptions with vault- 
ed staircases, show the formal variety and the roots of this technique in Spain, and its sur- 
vival in the architecture ofthe rationalist group in Madrid. All three of them interpret vault- 
ed construction from modern approaches, enhancing its formal possibilities and economy 


of means, not as a mimesis of the past or understood as a local traditionalism. 
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La Casa de las Flores (1930-32) by Secundino Zuazo 


The Casa de las Flores by Secundino Zuazo, the architect who in the same years worked 
with Torroja to build the Fronton Recoletos and other reinforced concrete works, is a pro- 
gramme of bourgeois collective housing for rent, built as part of an urban expansion. 
Through geometry and dimensional rigour, the Casa de las Flores represents one of the best 
examples of the concept of rationalisation with the use of a single material: brick. 

In 1928 Zuazo was commissioned by the Compañía Inmobiliaria Española (Spanish 
Real Estate Company), of which he was Chairman of the Board, to design an apartment 
building to house multi-family rental dwellings in the Argúelles district of Madrid. In his 
role as both architect and developer, he was assigned a complete city block within the 
Ensanche Oeste del Plan Castro (Westward Urban Expansion Phase of the Castro Plan) 
demarcated by the following streets: Hilarión Eslava, Meléndez Valdés, Gaztambide, and 
Rodríguez San Pedro. The idea behind the project was to provide a sample building that 
could then be duplicated in other blocks of the urban expansion project as yet undevel- 
oped, but in the end this was the only building constructed. Known as the Casa de las 
Flores (House of Flowers), it was designed to house 1,475 residents in 248 apartments 
above 17 business premises. Keeping the same basic layout throughout with respect to 
living and sleeping areas, the apartments either look out over the interior garden or the 
street, with the bathrooms and services areas giving onto interior light wells. The build- 
ing contains twenty-one different sizes of apartment with floor areas of between 88 m? 
and 170 n?. 

This magnificent residential complex, embodying many of the contemporary Euro- 
pean rationalist ideas and experiences relevant to collective dwelling, was one of the 
most important representations of Spanish and European rationalist architecture of the 
time (fig. 5). It was built using a steel structural framework enclosed with meticulously 
worked facing brickwork, with maximum expression and rationalism being put into the 
use of each material. In line with this philosophy, Zuazo built the ten staircases of the 
complex using the timbrel vault, a technique that is practically unbeatable in terms of 
the quality, formal result, and price of materials and labour. Each staircase has three 
flights between floors, which run around the lift shaft, with different intersections in 
accordance with their supports, one of which is a specific thin steel-support in six of 
the staircases (plate V), proof that this technique was used for reasons of constructional 
rationalism and not in an attempt to be traditionalist (Rodriguez García and Hernando 
de la Cuerda 2009). 
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UNO DE LOS '"STANDS'” DE LA REPÚBLICA ESPAÑOLA EN [LA EXPOSICIÓN DE BERLIN 


Figure 5. One of the stands of the Second Spanish Republic at the Berlin exhibition in 1931. Casa de 
las Flores on display on the right (4C 1931b, 36). 


The Colonia Parque-Residencia in the Hipódromo Neighbourhood of Madrid (1931-32) 


The Colonia Parque-Residencia in Madrid was a response to a colony programme of de- 
tached or grouped single-family dwellings in rows and, above all, represented modern 
housing in Madrid. It occupies the entire area between Paseo de la Castellana and Joaquín 
Costa and Vitruvio streets. Sixty-nine single-family houses were built in the complex, most 
of them designed by Bergamín and Blanco Soler, except for a row of four houses designed 
by Fernando García Mercadal, and some houses by E. De la Mora, Cánovas del Castillo, 
Miguel Durán and Fernando Salvador. The development was inspired by urban structures 
built in central and northern Europe: detached, semi-detached or row houses on relatively 
small plots with gardens. The Parque-Residencia is the first attempt to alter the concept of 
middle-class housing in force at the time. The houses were very successful and well-known 
intellectuals bought homes in this colony, including Eduardo Torroja, Julián Besteiro, Luis 
de Zulueta, Miguel Durán, Rafael Bergamín and Fernando García Mercadal (fig. 6 and 
plate VI). 

The buildings were constructed with concrete foundations, Lasical walls, steel joists on 
floors, Catalan-style terraces, a cork roof on the upper floor as insulation, oak, pine and li- 
noleum flooring, and oak and pine workshop carpentry and metal windows. The colony 
was described in the journal Viviendas: Revista del Hogar of 8 February 1933: 
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The construction system responds to the aim of eliminating all unnecessary building work and 
external appearance, in exchange for greater comfort in the interiors and top-quality facilities. 
We believe it is interesting to note, although technically it is no secret, that the quality of the 
materials used in the construction of the “Residence” hotels has been made possible — within 
the modest figures that have been managed — only by the repetition of units that have pro- 
duced, in some of them, a notable reduction in the workforce. At the same time as the con- 


struction work, landscaping work was planned and 1,500 trees were planted.” 


The colony uses function as a basic determinant, and rationalisation of construction sys- 
tems and materials to reduce costs and improve quality. In short, it displays rigour in the 
aesthetic, social and economic approach, in which tile vaults are incorporated in the stair- 
cases of dwellings. To see the impression made on foreigners by the timbrel construction, a 
quote from Sigfried Giedion when visiting the construction site of the Colonia Parque- 
Residencia is pertinent: 


The plaster band is only the expression of something that we are surprised to find on all 
the walls: a living organic house! Every wall has a face. The manual talent of the Arabs 


and their Christian pupils is just another version of the close kinship with the material. In 
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Madrid, in a work by the architect García Mercadal, I have seen how the curved staircase 
of the building was freely rigged in the air, with plaster and bricks, without supporting 
scaffolding.* (Giedion 1997, 127) 


The New Pavilion for the Residencia de Señoritas Estudiantes (1933) by Carlos 
Arniches 


In 1934, at the same time as the competition for the Hippodrome, which was won by 
Arniches, Domínguez and Torroja with an innovative and spectacular reinforced concrete 
structure, Carlos Arniches built a new pavilion for the Institución Libre de Enseñanza in the 
Residencia de Señoritas on Calle Miguel Angel in Madrid, next to the existing 19th-century 
building. Of particular note is the great interior timbrel-vaulted staircase (fig. 7): 


Although the construction was very simple in terms of the materials used, the details were 
elegant and emphasised the style, almost bordering on absolute asceticism. 

The only element that stood out in the interior, apart from the effect produced by the corri- 
dor gallery, was the staircase, of great plasticity, not only worthy of mention from the aes- 
thetic and compositional point of view but, especially, from the construction point of view, 
as it was made entirely in the Catalan style.” (Diez-Pastor 2003, 144) 


The main purpose of the building was accommodation, with the new pavilion providing 
the greatest number of new bedrooms and sharing the garden with the central building 
where all the communal areas were located. The building has four floors of bedrooms plus 
a basement in which there was a large assembly room and the general installations. It is a 
small building in which the bedrooms are laid out in lines along the southern and eastern 
fagades and with a gallery to the north to provide access and light for the corridors. The 
staircase, with two flights between floors and a semi-circular ground plan, is located at one 
end of the building, and is its most important and outstanding element. As there are no 
lounges or other communal spaces, the intention behind the staircase was for it to become 
the focal point of each floor. From the outside, its volume characterises the new pavilion. 

The brick construction of this pavilion is simple and intrinsic, and its external rendered 
finish lends it a powerful and clearly modern image. It is the sheer size of the timbrel- 
vaulted staircase that is most eye-catching. With its design of smooth curved surfaces and 
continuous finishes, it represents the new idiom of the modern movement and at the same 
time shows the structural shapes of its timbrel construction (plate VID). The way the tradi- 
tional and the modern intermingle is completely relevant (Rodriguez García and Hernando 
de la Cuerda 2009). 
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Figure 7: The New Pavilion for the Residencia de Señoritas Estudiantes (1933) by Carlos Arniches: 
Timbrel-vaulted staircase (Photo: Authors, 2007). 


CONSEQUENCES OF THE CIVIL WAR ON SPANISH MODERN ARCHITECTURE. SERT 
AND BONET CASTELLANA: CONTINUITY OF GATEPAC IN EXILE 


The civil war not only put a definitive end to modern architecture in Spain, but also cut 
short the intellectual and professional development of several generations of architects, nul- 
lifying any possibility of continuing the previous period. Some of them died in the war, 
such as Torres Clavé and Aizpurúa, and the architects who remained in Spain, both in Catalonia 
and Madrid, suffered purges and disqualifications, some for life, with such forcefulness as 
to annihilate any possibility of continuity of modern ideas and language. 

Another large group ended their lives in exile in Argentina, Colombia, Cuba, Chile, the USA, 
France, Mexico, Poland, Santo Domingo, Venezuela, etc. Among these, Bonet Castellana in 
Argentina and the more internationally renowned Josep Lluís Sert in the United States 
stand out. In both cases, their interest in vaulted spaces, especially in low-rise buildings on a 
domestic scale, whose origin can be traced back to the vaults of the houses in Garraf during the 
GATEPAC years, would continue throughout their lives. This interest, in general, no longer 
translates into timbrel constructions, almost certainly not for lack of interest in the system, but 
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Figure 8. Le Corbusier Notebook E21, 1951. Notebook E21 reads “Catalan vaults, Sert, Escorsa, 48 
Bd. de Geneve, Béziers -9 July 51-29, 14, 1,5=plaster brick-15 cm/m-underneath, movable formwork 
each row, iron tie rod, 1 brick fixed with plaster to support the listel” (Gulli 2002). 


because of the impossibility of carrying out such constructions in countries so unfamiliar 
with the technique. 

In 1935, Sert turned the type C house in Garraf into a clear reference point for modern 
architecture and construction with traditional materials such as tile vaults. But it is not the 
only example of this period. He also used tile vaults in the Viladecans nursery school of 
1935, and more clearly in the Arenys de Mar school pavilion of the same year. After the 
war, while in exile in the United States, he designed numerous projects with vaulted forms 
in different materials depending on the circumstances. For example, although his buildings 
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are generally made of concrete, in 1942 he designed the Ratio Structures, a prefabricated 
system for the construction of a modular structure without a programme, in which the 
vaulted roofs are prefabricated in wood. However, as early as 1938, Sert's sketches in 
London show a system of prefabricated metal vaults made of corrugated galvanised sheets 
(Rodríguez García and Hernando de la Cuerda 2007). 

In July 1951, on the occasion ofthe CIAM VIII held in Hoddesdon, England, Sert and Le 
Corbusier met, and Sert provided him with information on the construction with tile vaults 
and the name of the Catalan master builder who had emigrated to France, Doménech 
Escorsa, as an expert in the use of the timbrel vault technique, according to Le Corbusier ”s 
notebook (fig. 8). There is evidence of more than one meeting, and this fact has an impact 
on three projects Le Corbusier was then developing: the Jaoul houses in Paris, and the 
Sarabhai house and the maisons des peons for the Governor”s village of Chandigardh, both 
in India. 

Antonio Bonet Castellana, who entered GATEPAC as a student in 1933, worked at that 
time in the studio of Sert and Torres Clavé, forming with them the firm MIDVA (Muebles y 
Decoración para la Vivienda Actual), which was dedicated to the design and mass produc- 
tion of furniture. In 1936 Bonet Castellana finished his degree and moved to Paris to work 
in Le Corbusier”s studio. In 1937 he worked with Sert and Luis Lacasa on the construction 
of the Spanish Pavilion for the 1937 International Exhibition, and in Le Cobusier”s studio, 
in collaboration with Roberto Matta, he designed a preliminary project for the vaulted Maison 
Jaoul. In 1938 he moved to Buenos Aires, achieving notable success as an architect and car- 
rying out several projects with vaulted forms, sometimes in concrete and at other times in 
reinforced masonry and tile vaults, such as the Berlingieri house in 1947, the houses in 
Martínez (1941-57) in Buenos Aires, and the Rivadavia Gallery in Mar del Plata also in the 
province of Buenos Aires (1957-59) with the use of reinforced concrete vaults and tile 
vaults in a high-rise building (fig. 9) (Flores [1961] 1989, 231). About this building, Bonet 


Castellana explains: 


This building, located in a central corner of the city, consists of two parts destined for very 
different uses: commercial premises and housing. 

I worked on this project almost as if they were two opposing buildings, intensifying the 
sense of their different uses. 

The commercial building consists of three floors linked together by large voids of curved 
lines, formed from a hyperbolic paraboloid. 

The second use — housing — was expressed with a vertical volume made independent from 
the first building by means of concrete pillars. 

I designed alternatively single-storey and duplex dwellings. 
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Figure 9. Galería Rivadavia in Buenos Aires, 1957-59. Architect Antonio Bonet Castellana (Katzenstein, 
Natanson, and Schvartzman 1985, 78-79). 


But for me, the most important thing about this building is the overlapping vaults, Catalan 
style. This, together with the interplay of double and single storeys, defines the aesthetics 
of this work, creating the sensation of an independent dwelling in each flat. 

This composition is complemented by the vaults of the top floor terraces, covering semi- 
public open spaces.'” (Katzenstein, Natanson, and Schvartzman 1985, 76) 


TILE VAULTS IN THE POsT-WAR SPANISH ARCHITECTURAL AVANT-GARDE, 1940-65 


Spain's political isolation after 1939, and the difficulty for architects to make contact 
with European cultural movements, powerfully determined the framework for architects” 
activities in the 1940s and early 1950s. Economic shortages also had an impact, as did 
especially the official stance of the new political regime, which preferred to praise an- 
other vision of architecture in the face of the mistrust of modern architecture — ideologi- 
cally clearly represented during the Second Republic — and over which it cast a mantle of 
silence. The new preferred architecture was nationalist and formally eclectic, and in- 
cluded the resurgence of timbrel-vault construction encouraged by the absence of quality 
steel and cement. 
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However, respect and admiration for popular architecture in Spain, as we have already 
seen, had also been one of the characteristics of the Spanish modern movement. The Spanish 
avant-garde embrace of popular art before and after the Civil War, and the use of tile vaults 
is a good example of this point. Despite the limitations of that moment and the architectural 
environment, several architects of the same generation such as José Antonio Coderch, José 
María Sostres, Antonio Moragas, Alejandro de la Sota, Francisco de Asís Cabrero, Rafael 
Aburto, Fernández del Amo and Miguel Fisac, among others, developed relevant work 
based on the study of popular architecture, which found a favourable means of expression 
in the construction of colonisation settlements. 

Thus, in the Spanish post-war period, the modern pre-Civil War tradition of recog- 
nising the true values of popular architecture coincided in time with, although in ideo- 
logical opposition to, the resurgence of a regionalist architecture of national exaltation 
promoted by the Franco regime. In this sense, and given the breadth of the subject, this 
section will offer an analysis focused on the use of tile vaults in modern architectural 
approaches to address two key issues: the construction of high-rise residential build- 
ings, and how to solve horizontal thrusts in an innovative way by the local use of rein- 
forced concrete. To this end, we take as an example the work of two fundamental fig- 
ures of this period: Rafael Aburto and Francisco de Asís Cabrero, whose work can be 
contrasted to that of Luis Moya, who, although being fundamental, is far removed from 


modern approaches.'' 


Housing Project in Toledo for the Obra Sindical del Hogar (1943) by Rafael Aburto 


Rafael Aburto Renobales'? (1913-2014), from his first housing project in Toledo in 1943 to 
the group of 596 dwellings in the Usera district in Madrid in 1955-60, had several signifi- 
cant commissions, whether built or not, which reveal his interest in investigating the techni- 
cal possibilities of materialising his projects. In this regard, the co-author with Francisco de 
Asís Cabrero of the Casa Sindical in Madrid and later author of the Diario Pueblo, on sev- 
eral occasions worked on and researched the use of tile vaults as a construction method and 
1ts application to the architecture ofthe moment. The period between 1943 and 1963 stands 
out: the housing project in Toledo (1943); the group of fifty-four subsidised housing units 
in Quintanar de la Orden (1946-49); the farm school in Talavera de la Reina (1947-48); the 
experimental housing units in Villaverde (1954-55), and the Industrial Labour Institute in 
Elche, (1956-63) (plates VUIEXID.* 

The housing project in Toledo, which in the end was not built, was published years later 
in the Revista Nacional de Arquitectura in 1952, with two or three brief captions and 
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detailed graphic information on the floor plan, section and construction details of the vault- 
ed system used in the floor slabs. About them Aburto says succinctly: 


Cable-stayed vaults resting on one-foot-thick walls, the price of which per square metre 
was 300 pesetas. As 1t was never built, it turns out to be one less nightmare in the already 
precarious dream.'* (Aburto Renobales 1952, 5) 


From the analysis of the graphic information we can see that the planned building consisted 
of three blocks without courtyards, with the central block 10.45 m deep and 13.35 m wide, 
set back from the two side blocks by 8.10 m to create a larger fagade area. The two side 
blocks have a greater depth and a similar frontage of 13.00 m. They are five storeys high, 
with a staircase on each of them that serves two dwellings per floor, with a total of thirty 
dwellings. Around the one-foot brick walls, a system of floor slabs was developed with tile 
vaults supported on reinforced concrete beams. To avoid buttresses, Aburto designed a 
mixed solution based on a system of parallel load-bearing walls crowned by the concrete 
beams, which besides supporting the vertical loads and horizontal thrusts of the vaults, 
serve to support and counterbalance each other. In this way, the beams located in the inte- 
rior walls, without reinforcement, protect the welded joints between the braces, while in the 
perimeter rings of each floor and in the three stairwells, where there is no such continuity, 
the beams are heavily reinforced to counteract the horizontal thrusts without buttresses. At 
the crown of the building, above the staircase area, a reinforced concrete water tank and 
large perimeter cornices strategically add weight to the areas of greatest thrust of the vaults. 
In this, his first project, Aburto was already distancing himself from the official guidelines 
and had several problems that led him to resign from the job. One issue was that “the group 
of dwellings planned for the city of Toledo in 1943, (...) was rejected by the competent 
authorities because it did not fit in with the typical architecture dominant in the location” 
(Aburto Renobales 1952, 5). 

A few years later, in 1947, Luis Moya Blancos foundational text Bóvedas Tabicadas was 
published in Madrid by the Dirección General de Arquitectura del Ministerio de la Gober- 
nación. Moya”s work focuses above all on construction technique without proposing archi- 
tectural interpretations. A good example of this is his housing project in Usera (1941-42), 
which became a reference point from which Aburto and Cabrero subsequently developed 
different lines of research. 

In the introduction to Bóvedas Tabicadas, Moya comments: 


The system, of course, has no clear application in the construction of a house of many 


floors, such as those usual in Spanish capitals, and they constitute such an anti-traditional 
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Figure 10. Comparative analysis by the authors. Top: Vaulted house in Usera, with exposed buttress- 
es, by Luis Moya (Moya Blanco 1943, 56); bottom: Project for housing in Toledo (Aburto Renobales 
1952, 4). 


solution to housing in our country, so unsuitable to the climate of almost all of Spain, and 
so contrary to the desire for personality and dignity that our race seeks in everything. '* 
(Moya Blanco [1947] 1993, 7) 


He also devotes a specific chapter to the problem of thrusts, to be solved with but- 
tresses or braces. In it he develops solutions based on the geometry of the vaults them- 
selves or on the composition of groupings, but in the case of their application to dwell- 
ings, the example he gives is his project for vaulted houses in the Usera district of 
Madrid, built a little before Aburto”s project, but with a very different approach. Moya”s 
two-storey houses, with large buttresses on the sides and a pseudo-rural image, contrast 
with Aburto?s approach of making a building with an urban character for the city of 
Toledo (fig. 10). 


390 Ana Rodríguez García, Rafael Hernando de la Cuerda 


Figure 11. Group of dwellings in Quintanar de la Orden, Toledo, by Rafael Aburto, built with but- 
tresses integrated into the building (Bergera 2005b, 62). 


After the disappointment of the unbuilt Toledo project, the first work built by Aburto 
with a tile vault is the group of fifty-four single-family houses in Quintanar de la Orden. 
Here, the nature of the commission in a clearly rural context allowed him to develop a 
construction with timbrel walls in the canonical way, established by Luis Moya in his 
houses in Usera: terraced houses in a row on two floors and with buttresses at the ends, 
although in this case they are not visible but architecturally well integrated into the build- 
ing, which is more abstract than Moya's (fig. 11). Aburto describes their construction 
succinctly: 


They have been built with pinkish-coloured limestone masonry, for the exterior walls on 
the ground floor, and with double hollow brick partition walls, rendered with cement and 
plastered with several coats of lime, for the upper one. 

Both the floor slab and the roof have been made with double vaults of brick board. All the 
vaults are continuous barrel vaults with a 10 per cent precamber. The thrusts balance each 
other, and at the ends they are absorbed by buttresses.!'* (Aburto Renobales 1951, 14) 


In turn, and bearing in mind that it is basically a construction for animals, the tile vaults 
built almost simultaneously at the farm school in Talavera de la Reina allow us to investi- 
gate its construction with steel tie rods (fig. 12). 
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Figure 12. Farm school in Talevet de la Reina, 1947-48, by Rafael baño a test ofa ytile 
vault with a span of 6 meters (Bergera 2005b, 68). 


Virgen del Pilar Residential Building, Phase IV (1947-56) by Francisco de Asís Cabrero 


In 1947-56 Francisco de Asís Cabrero (1912-2005) built the duplex dwellings of Phase IV 
of the Colonia Virgen del Pilar. The initial project of 1947 had twelve modules with thirty- 
six duplex dwellings as recorded in some publications, but it was finally built between 1953 
and 1956 with fifteen modules and forty-five duplex dwellings (fig. 13). 

From the details published in 1955 in issue 70 of the journal Informes de la construcción, 
1t can be noted that the project is a linear block with a south-east and north-east orientation 
on its longitudinal facades, the main and rear facades respectively. Six storeys high, the 
building's appearance is characterised by the construction system which consists of tile 
vaults on brick masonry walls, laid with lime mortar, parallel to each other and perpendicu- 
lar to the facades. The vaults, with a span of 4 m and built with three layers — the first with 
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Figure 13. Virgen del Pilar residential building, Phase IV. 1947-56 by Francisco de Asís Cabrero. 
Plan of the initial project and the extended project (FCT/P431/05, Legado Francisco de Asís Cabrero 
Torres-Quevedo, Servicio Histórico del Colegio Oficial de Arquitectos de Madrid). 


Figure 14. Virgen del Pilar residential building, Phase IV. 1947-56 by Francisco de Asís Cabrero 
(Cabrero Torres-Quevedo 1955). 
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Figure 15. Virgen del Pilar residential building, Phase IV. 1947-56 by Francisco de Asís Cabrero. 
Cross section and details (Cabrero Torres-Quevedo 1955). 
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Figure 16. Virgen del Pilar residential building, Phase IV. 1947-56 by Francisco de Asís Cabrero. 
Reinforced concrete dados inserted in the brick buttresses (Cabrero Torres-Quevedo 1955). 


plaster and crosswise plastering and the other two with cement mortar and according to 
crossed oblique directions — are shown on the main fagade forming the terraces of the 
dwellings, while access to them is via a covered corridor on the rear fagade. 

The thrusts of the vaults counteract each other and at the ends are compensated by pow- 
erful brick buttresses in which reinforced concrete dados are inserted, to which the final 
vaults are anchored by means of 2016 steel braces. With a minimum use of steel, as can be 
seen in the cross section, the system is complemented with 25 X 20 cm reinforced concrete 
perimeter straps 4014 and stirrups V6 (Y 25cm, at the foundation, second, fourth and sixth 
floor levels.'” (figs. 14-16 and plates XIHI-XV). 


FINAL THOUGHTS 


The tile vault was used in Spanish avant-garde architecture before and after the war. The 
Casa Bloc, the Casa de las Flores, the Colonia Parque-Residencia, the Residencia de Se- 
ñoritas estudiantes and so on, are not just any projects. They are emblematic works of the 
architectural modernity of their time, and in all of them the timbrel staircases are present — 
light and open, characterising the interior space of the house. Construction with tile vaults 
1s based on knowledge of the trade, so it is difficult to imagine their widespread use in the 
post-war period if the building tradition had disappeared. 

It is also known that timbrel construction had temporarily flourished during the scarcity 


of the Spanish post-war period, mainly through Luis Moya, Francisco de Asís Cabrero 


Tile Vaults in the Spanish Modern Movement, 1925-1965 395 


and Rafael Aburto, with the collaboration of the quantity surveyor Manuel de las Casas 
Rementería.'* When Aburto and Cabrero began their professional careers, the teaching and 
influence of Luis Moya was indisputable following the publication of Bóvedas tabicadas, 
an essential work on the subject in which he explicitly refers to the experiences of Aburto 
and Cabrero (Moya Blanco [1947] 1993, 67). However, the use of tile vaults denotes differ- 
ent approaches, well represented in the examples described by Rafael Aburto and Francisco 
de Asís Cabrero. Both differ from Moya, in a more refined search for the possibilities of this 
technique for modern architectural approaches, addressing the key issues of high-rise con- 
struction and an adequate solution to counteract thrusts. 

Thanks to its intrinsic qualities as a material, meaning its tensile strength together with 
the geometric possibilities conferred by its plasticity and form-working, reinforced con- 
crete is ideal for resolving the vaults” thrust by means of more sophisticated solutions than 
those proposed by Moya. In this sense, Aburto, in a research process, tested several options 
up to the one in Elche, where thanks to the grid of reinforced concrete beams, forming 
closed rings at the base of the vaults, he could dispense with the metal tie rods, resolving 
the thrusts only with the material and its geometry. Regarding the treatment of the concrete, 
from his first approaches in the Toledo dwellings, Aburto provided a bed in the reinforced 
concrete elements for the start of the vaults, with a favourable shape for the support of the 
bricks. It is clear that he sought the solution in the combined use of both materials, enhanc- 
ing the best characteristics of each one of them. 

Francisco de Asís Cabrero, in the Virgen del Pilar housing group in Madrid, develops the 
issues previously raised by Aburto. The dwellings of Phase III in Francisco Silvela Street, 
designed by Cabrero in 1945, are clearly based on Aburto”s project for Toledo, but built 
with flat slabs, allowing him much greater formal freedom in the elevation. The famous 
duplex dwellings of Phase IV, designed in 1947-56, although based on those of Moya in 
Usera and built with buttresses, continue along the path initiated by Aburto in 1943 by ex- 
ploring urban solutions for multi-storey residential buildings. In this building, Cabrero in- 
tentionally does not renounce the buttresses, but rather turns them into a central part of the 
image of the building. Among the three buildings analysed, this is the highest, with three 
duplex floors, and the one that uses the tile vaults in a largest free span: 4 m as opposed to 
2.80 m — both between wall axes — in the case of Luis Moya's Usera dwellings, with a sin- 
gle duplex floor. In Aburto”s five-storey housing project in Toledo, the vaults? span has 
three different sizes depending on their location in the project: 2.70 m, 3.20 m, and 3.60 m 
between 25-centimetre thick walls. In this line of work, Cabrero”s building is the most ex- 
traordinary, both in its technical solution and in its formal response as an urban housing 


block, reinterpreting in brick load-bearing walls and tile vaults the concept of high-rise 
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duplex housing with terrace, seen in the GATCPAC's Casa Bloc or in other modern para- 
digms of Le Corbusier such as the “Inmueble Villa” or the Marseilles Unité d*Habitation. 

Finally, it is worth noting the widespread use of tile staircases in Spain. In addition to 
their generalised construction in single-family and collective housing buildings until almost 
the 1970s, the intentional solutions provided by the avant-garde architects in the period 
under study stand out, where the timbrel-vaulted staircase coexists with steel or reinforced 
concrete structures. 


NOTES 
1. On this subject, see Rodríguez García and Hernando de la Cuerda (2007). 


2. “Esta escalera de la casa Arosa — expresión plástica y concreta de una ideología que se impone — 
posee el atractivo de una idea espontánea hecha realidad. Ligera, joven y antirutinaria. Es un 
homenaje a la luz y a la limpieza. Hay que apartarse de este tipo de escalera oscura que asciende 
pesadamente entre cuatro paredes. El edificio moderno, concreción firmemente orientada, requiere 
escaleras optimistas, libres de la pesadez de las seculares cuatro paredes.” 


3. “Cuerpo de escalera construido a base de bóvedas a la catalana con 3 gruesos de rasilla que apoyan 
en paredes de 0,15 m de espesor. En la bóveda que queda sin apoyar en la pared, se ha colocado un 
tirante interior que con una inclinación de 45" va a empotrarse en la pared.” 


4. “La estructura de los edificios será toda de acero laminado; con esto se han separado las dos 
funciones que cumple la pared: soportar, función que realiza ahora la estructura de acero, y aislar, 
función única que nos permite tratar la pared de un modo completamente diferente a base de 
materiales aislantes, consiguiendo un grueso y un peso mínimos de la misma. Resultando, al final, 
mucha menos carga a soportar y una economía a tener en cuenta en la cimentación. La estructura así 
concebida nos permite la máxima libertad en las plantas bajas para la instalación de los servicios 
colectivos, como clubs, cafés, locales para cooperativas, etc., que podrán construirse una vez 
ocupadas las viviendas y organizada la cooperativa de todos los inquilinos.” 


5. Rafael Bergamín (1891-1970), Luis Blanco Soler (1894-1988), Regino Borobio (1895-1976), 
Casto Fernández Shaw (1896-1978), Miguel de los Santos (1896-1991), Agustín Aguirre (1896— 
1985), Manuel Sánchez Arcas (1895-1970), Luis Lacasa (1896-1966), Fernando García Mercadal 
(1896-1985), Carlos Arniches (1897-1955), Martín Domínguez (1897-1970) y Luis Gutiérrez Soto 
(1900-77). Carlos Flores calls these architects the Generation of “25, due to the influence, 
acknowledged by themselves, of the trip they made to the 1925 Paris Exhibition of Decorative Arts 
after graduating. 


6. “Balbuena tenía hechos largos estudios, en sus correrías por Castilla y norte de España, acerca de 
este modo, tan nuestro, de construir. Y le regocijaba la impresión que hacían a los extranjeros algunas 
obras de rasilla que veían ejecutar, sin acabar de entender cómo podían resultar resistentes y estables. 
Las bóvedas fabricadas para escaleras, por ejemplo. El acabamiento y perfección en sus obras de 
ladrillo es sencillamente magistral.” 


7. “El sistema constructivo responde al propósito de eliminar cuanto significa obra innecesaria y de 
apariencia exterior, a cambio de lograr una mayor comodidad en los interiores e instalaciones de 
primera calidad. Creemos de interés hacer notar, aunque técnicamente no constituya ningún secreto, 
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que las calidades de los materiales con que se han construido los hoteles de «Residencia» han sido 
posibles — dentro de las cifras modestas que se han manejado — solo por la repetición de unidades que 
han llegado a producir, en algunas de ellas, una notable reducción en la mano de obra. 
Simultáneamente con la construcción se ha previsto la obra de jardinería, habiéndose plantado 1.500 
árboles.” 


8. “La banda de yeso es solo la expresión de algo que con sorpresa encontramos en todas las paredes: 
¡una viva casa orgánica! Todas las paredes tienen su cara. El talento manual de los árabes y sus 
alumnos cristianos solo es otra versión del estrecho parentesco con el material. En Madrid, en una 
obra del arquitecto García Mercadal, he visto como la escalera curva del edificio se aparejaba 
libremente en el aire, con yeso y ladrillos, sin andamio de apoyo.” First published in “Blick nach 
Spanien” in Frankfurter Zeitung, 17 July, 5 and 25 August, 16 and 28 September, and 5 October 1932. 


9. “Aunque la construcción era simplísima en cuanto a los materiales empleados, los detalles eran 
elegantes y resaltaban ese estilo casi rayano en el ascetismo absoluto. El único elemento que 
destacaba en el interior, a parte del efecto que producía la galería del pasillo, era la escalera, de una 
gran plasticidad, no sólo digna de mención desde el punto de vista estético y compositivo sino, muy 
especialmente, desde el constructivo, ya que se hizo íntegramente a la catalana.” 


10. “Este edificio, situado en una esquina céntrica de la ciudad consta de dos partes destinadas a usos 
muy distintos: locales comerciales y viviendas. Trabajé este proyecto casi como si se tratara de dos 
edificios opuestos, intensificando el sentido de sus diferentes usos. El edificio comercial consta de 
tres plantas unidas entre si por grandes vacíos de líneas curvas, constituidos a partir de un paraboloide 
hiperbólico. El segundo uso —la vivienda—, lo expresé con un volumen vertical independizado del 
primer edificio por medio de pilares de hormigón. Proyecté alternativamente viviendas de una sola 
planta y tipo dúplex. Pero para mí, lo más importante de este edificio son las bóvedas superpuestas, a 
la catalana. Esto sumado al juego de alturas dobles y simples, define la estética de esta obra, creando 
en cada departamento la sensación de una vivienda independiente. Esta composición se complementa 
con las bóvedas de las terrazas del último piso, cubriendo espacios semipúblicos abiertos.” 


11. About tile vaults in the architecture of Luis Moya, see the chapter by Gil Crespo in this book (Gil 
Crespo 2021). 


12. Rodríguez García and Hernando de la Cuerda (2000); report on the research project “La obra del 
arquitecto Rafael Aburto,” carried out with a research grant into monographic works on 20th-century 
Spanish architecture, organised by the Instituto Juan de Herrera from the Escuela Técnica Superior de 
Arquitectura de Madrid ETSAM, and the Dirección General de la Vivienda, Arquitectura y el 
Urbanismo del MOPT, in 1992. 


13. On this subject see: Rodríguez García and Hernando de la Cuerda (2019). 


14. “Bóvedas atirantadas sobre muros de a pie, lo que daba un precio por metro cuadrado de planta de 
300 pesetas. Como no se llegó a construir, resulta ser una pesadilla menos en el sueño, de por sí 
bastante precario.” 


15. “El sistema, desde luego, no tiene aplicación clara en la construcción de una casa de muchas 
plantas, como las que son usuales en las capitales españolas, y que constituyen una solución tan 
antitradicional de la vivienda en nuestro país, tan poco apropiada al clima de casi toda España, y tan 
contraria al deseo de personalidad y dignidad que busca en todo nuestra raza.” 


16. “Se han construido con mampostería de piedra caliza de color rosáceo, para los muros exteriores 
de planta baja, y de doble tabique de ladrillo hueco, enfoscado de cemento y enlucido con varias 
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manos de cal, para el superior. Tanto el forjado de piso como la cubierta se ha hecho con bóvedas de 
doble tablero de rasilla. Las bóvedas son siempre de cañón seguido con un 10 por 100 de contraflecha. 
Los empujes se contrarrestan entre sí, y en los extremos se absorben por medio de contrafuertes.” 


17. As stated in the cross-section, but the graphic documentation caption only refers to the foundation 
plan and the fourth-floor slab. 


18. On this subject, see the interview with Manuel de las Casas in Bergera (2005b, 43-44). 
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Plate I. The type C dwelling of the weekend houses in El Garraf, Barcelona, 1934, by 
the architects Sert and Torres Clavé (4C 1935, cover, 41-42). 


PUNTA PRIMA 


ua io 


NÚMERO DEDICADO A LA 
EVOLUCIÓN DEL INTERIOR 


404 Ana Rodríguez García, Rafael Hernando de la Cuerda 


Plate II. Rental housing in Padua Street, Barcelona, by the architect Sixte Illescas. Top: 
Detail of the fagade and the timbrel-vaulted staircase (4C 1934, 16, 21); bottom: The 
timbrel-vaulted staircase (Photo: Authors, 2007). 
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Plate III. Top: Rental housing in Roselló Street, Barcelona, 1928-29 by Josep Lluis 
Sert (4C 1931a, 18-19); bottom: Rental housing in Vía Augusta Street, Barcelona, 
1930-31 by German Rodríguez Arias (4C 1932a, 23). 
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Plate IV. La Casa Bloc, Group of workers” housing in Barcelona 1932-36, by Sert, 
Torres Clavé, and Subirana. Top: Perspective of the complex (4C 1933, 23); centre: 
General plan and detail of the floor plan (4C 1933, 22, 26); bottom: Timbrel-vaulted 
staircase in the living-room, published in El País Viajero, 9 April 2012. 
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Plate V. La Casa de las Flores 1930-1932 by Secundino Zuazo. Top: Cross-section of 
the complex (Maure 2006, 29); centre: General plan and detail of the floor plans 
(Zuazo 1933, 13) (Arquitectura 141, 54); bottom: Timbrel-vaulted staircase (Photo: 
Authors, 2007). 
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Plate VI. Fernando García Mercadal's house-studio at 26 Carbonero y Sol Street, 
Colonia Parque Residencia, Madrid, 1932, by Fernando García Mercadal. Top left: 
Interior view of Mercadal's studio (Photo: Oples in Granell 2008, 172); top right: 
Mercadal in his house-studio under construction (Sigfried Giedion Archive. ETH 
Zurich, Gta Archives); bottom: General view from the street (Viviendas: Revista del 
Hogar 1933). 
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Plate VII. The New Pavilion for the Residencia de Señoritas Estudiantes, 1933, by 
Carlos Arniches. General view and drawing of the floor plan (Arniches 1933, 89). 
Timbrel-vaulted staircase (Photo: Authors, 2007). 
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Plate VII. Housing project in Toledo for the Obra Sindical del Hogar, 1943, by Rafael 
Aburto. Cable-stayed tile vaults system for the housing project in Toledo, finally not 
built, published in Revista Nacional de Arquitectura. Detail on the right wrongly 
overturned in the original and here fixed (Aburto Renobales 1952, 5). 
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Plate IX. Group of fifty-four subsidised housing units in Quintanar de la Orden, 1946-49, 
by Rafael Aburto. Dwellings built with buttresses integrated into the building (Aburto 
Renobales 1951, 15). 
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Plate X. Farm school in Talavera de la Reina, 1947-48, by Rafael Aburto. Top: Authors” 
assemblage based on information published in the Revista Nacional de Arquitectura: 1. 
Administration, annexes, and dwellings; 2. Vaquería; 3. Pigsties; 4. Stable; 5. Storage; 6. 
Silo; 7. Water tank; 8. Courtyard with water trough (Aburto Renobales 1948, 300-301, 
304); bottom left: Detail published with the following caption in the Revista Nacional de 
Arquitectura: 1. Double hollow-tile deck. 2. Back of the tile vault filled with poor slag 
concrete. 3. Discharge oculus of the arch sinus. 4. 6 m span brick arch to support the 
3.20 m span vaults. 5. Brace formed by two 20 mm diameter round bars, tied to two 
concrete elements that serve as the arch's impost. 6. Floor calculated for an overload of 
1,000 kg/ 1m?. 7. Double hollow-tile deck. 8. Transversal planks that lend rigidity to the 
system. 9. Two hollow brick layers and two rasilla layers. 10. Reinforced concrete chain 
with chamfer for the start of the vault. 11. Round tie rod. 20 mm every 60 cm. 12. 
Cowshed flooring (Aburto Renobales 1948, 300); bottom right: Timbrel vaults system 
with exposed metal braces (Photo: Authors, 1992) 
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Plate XI. Instituto Laboral de Elche, 1956-63, by Rafael Aburto. 1959 project 
elevations and cross-sections, approved with groin tile vaults planned in the classrooms 
and library area (Bergera 2005a, 138). 
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Plate XII. Instituto Laboral de Elche, 1956-63, by Rafael Aburto. Groin tile vaults 
construction details, finally not built (Bergera 2005a, 139; Bergera 2005b, 136). 
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Plate XI![l. Virgen del Pilar residential building, Phase IV, 1947-56, by Francisco de 
Asís Cabrero (FCT/P431/08, Legado Francisco Asis Cabrero Torres-Quevedo, Servicio 
Histórico del Colegio Oficial de Arquitectos de Madrid). 
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Plate XIV. Virgen del Pilar residential building, Phase IV, 1947-56, by Francisco de 
Asís Cabrero. Top: Layout of the interior staircase (Cabrero Torres-Quevedo 1955); 
bottom: Structural system of the building (4rquitectos 118). 
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Plate XV. Virgen del Pilar residential building, Phase IV, 1947-56, by Francisco de 
Asís Cabrero. Building under construction (Arquitectos 118). 


Tile Vaults in the Architecture of Luis Moya (and 
Partners): Historical Context and Technical Elements 


Ignacio Javier Gil Crespo 


»]1 


“Nadie puede seguir una tradición sin renovarla 
Luis Moya (1959) 


The architecture of Luis Moya includes some of the most unique and personal work using 
tile vaults. Moya*s work is afforded this status for formal and compositional reasons, and 
because it offers a development of the tradition at a time when vaulted construction was 
being abandoned. He built large vaults in unique buildings, and he also defended the vault- 
ing technique in his publications and public exhibitions. Responding to limitations such as 
the shortage of materials in Spain in the post-war period, he developed a formal and con- 
structive repertoire based on the tile vault. Despite the personalist image associated with 
Moya's architecture, the architect worked in collaboration and co-authorship with several 
colleagues who contributed knowledge, ideas and labour to the projects. 

Luis Moya was very active in academic forums, such as the Real Academia de Bellas 
Artes de San Fernando (Academy of Fine Arts of San Fernando), which he joined in 1953, 
and the critical seminars of the Official College of Architects of Madrid (Colegio Oficial de 
Arquitectos de Madrid, COAM). In a 1959 COAM seminar dealing with the work of Félix 
Candela in Mexico,? Moya highlighted something in Candela's work that could also be 
perfectly applied to his own — the link between, form and construction, technique and art: 


Technique becomes art, or rather, the architect uses technique to make works of art as a 
painter might use colours; Candela”s calculation and constructive intuition appear as simple 


means for the creation of these beautiful forms.* 


As an architect of great culture, Moya was concerned with classicism, history and the 
traditions of architecture. He expressed his opinion about Candela”s use of hyperbolic pa- 
raboloids by alluding to tradition and its renewal (Bravo Sanfeliú et al. 1959, 20): 


434 Ignacio Javier Gil Crespo 


The true continuator of his [Gaudí”s] tradition is Candela. In the same sense, he is also the 
true follower of the Spanish tradition in Mexico, which would make him the link between 
Mexico and Gaudí; which is not such a crazy conclusion as it seems. But since no one can 
follow a tradition without renewing it, Candela has created new forms, starting from a 
strict geometrical base, and within the degree of freedom allowed by the hyperbolic pa- 
raboloid (genius expresses itself in limitations, as Goethe said) has enriched the repertoire 
of universal architecture with necessary themes, in the Leonardesque sense, not arbitrary or 
subject to passing fashions.* 


In the architectural work signed by Luis Moya, the traditional technique of the tile vault 
also becomes art, as he also uses a palette made up of the formal and constructive repertoire 
of the history of architecture in his projects. Moya*s own words, in the quotation used as an 
epigraph to this chapter, suggest the following question: did Luis Moya, in his work, renew 
the tradition of construction with tile vaults in Spain? 


Luis MOYA AND TILE VAULTS: BEGINNINGS, INFLUENCES AND COLLABORATIONS 


Luis Moya Blanco was born in 1904 in Madrid and graduated as an architect in 1927.* Even 
before finishing his degree he had begun to work with the architect Pedro Muguruza Ontaño, 
with whom he continued to work until the outbreak of the Civil War in 1936. In those years 
he also travelled to America (1929), obtained the post of architect and curator ofthe National 
Library (1930), married Concepción Pérez Masegosa (1934), and was awarded the Chair of 
Composition Drawing at the Madrid School of Architecture (1936). After the end of the 
war, Moya returned to his posts and joined the Directorate General of Architecture, where 
he was a member of the Technical Office ofthe Madrid Reconstruction Board. 

Moya worked as a professional architect mainly between 1941 and 1970, and during this 
period also engaged intensively in academic and public activities. In 1953 he was appointed 
a full member of the Real Academia de Bellas Artes de San Fernando. Between 1960 and 
1963 he was editor-in-chief of COAMPs journal Arquitectura. From 1963 to 1966 he was 
director ofthe Madrid School of Architecture. After his retirement in 1970 he moved to the 
School of Architecture of the University of Navarre, where he was in charge of teaching 
aesthetics and composition, and of doctoral courses. In his later years, until his death in 
1990, his interest focused more on questions of aesthetics and the history of architecture 
than on tile vaults. 

Where did Luis Moya's passion for tile vaults come from? His teacher, Muguruza, seems 
to have influenced Moya in the search for a “national” classicism (Sambricio 1980, 72), but 


not in technical matters: “Muguruza was neither an innovator nor a renovator of languages” 
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(Bustos Juez 2015, 66). In 1926, when Moya was working in Muguruza's studio, Muguruza 
was in charge of the restoration of the Central Gallery of the Prado Museum. He demol- 
ished the lath and plaster vault (bóveda encamonada) of Antonio López Aguado, and built 
a new reinforced concrete vault with central longitudinal skylights (Bustos Juez 2015, 297- 
298). Although it was an appropriate site to build a tile vault, Muguruza built the vault in 
reinforced concrete. In these years he planned other changes in the museum building, such 
as the connection between the lower rotunda and the lower central gallery. The architects 
built this zone with brickwork and iron beams in a “closed passage in the form of a vault” 
(Memoir of the project 31 August 1933, Archivo General de la Administración, quoted by 
Bustos Juez 2015, 306). 

Luis Moya definitely did not learn the technique of tile vaults with Pedro Muguruza. 
Perhaps he may have learnt about the technique from his family. In one of the COAM 
seminars of 1954, Moya mentioned his uncle, the architect Juan Moya, who had died the 
previous year: “When iron became scarce during the war of 1914, several architects 
found a suitable system for building, using only the materials and labour that had not 
been affected by that shortage. Don Juan Moya was one of them” (de Miguel et al. 1954, 
22-23).* Juan Moya Idígoras (1867-1953) was an architect with a historicist profile, who 
was a professor at the Madrid School of Architecture and director of the Spanish Acade- 
my in Rome (Moya González 2012, 97-98). He was a member of the Real Academia de 
Bellas Artes de San Fernando between 1920 and his death in 1953 (López Otero 1953). 
His medal, number 38, was taken up by his nephew Luis that same year when he was ap- 
pointed academician to his uncle?s vacant position (García Sepúlveda and Navarrete 
Martínez 2008, 82). 

The technical knowledge of the quantity surveyor Manuel de las Casas Rementería 
(González Capitel 1977, 13, note 5; Garcia-Gutiérrez Mosteiro 1998, 39, note 19) has also 
been repeatedly highlighted as an influence in the development of Luis Moya”s great vaults. 
In 1947 de las Casas Rementería joined the team of Luis and Ramiro Moya and Pedro 
Rodríguez Alonso de la Puente in charge of building works at the Universidad Laboral de 
Zamora (García-Lozano 2019, 66), and he was a constant collaborator in Luis Moya”s 
studio. 

Indeed an unwritten chapter in the architectural biography of Luis Moya would critically 
review the contributions and influences of his successive collaborators. In addition to his 
brother Ramiro, with whom he collaborated on many projects, other architects signed the 
projects as co-authors. With Luis Martínez Feduchi he designed and built the Museo de 
América. Pedro Rodríguez Alonso de la Puente, who had been a student of his in Madrid, 
was commissioned to design the Universidad Laboral in Gijón and proposed Moya”s 
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Figure 1. Left: Luis Moya at the Real Academia de Bellas Artes de San Fernando (González Capitel 
1983); centre: Fresco of the acoustic shell of the assembly hall (now hidden) of the Universidad 
Laboral in Gijón, painted by Enrique Segura, with some of the architects: the four standing figures 
on the right are, from right to left, Manuel Álvarez Laviada, Enrique Segura Iglesias,” José Marcelino 
Díez Cantelli and Luis Moya; the three seated figures are the political sponsors: José Antonio Girón 
de Velasco (Minister of Labour), General Juan Yagije Blanco and Carlos Pinilla (Undersecretary of 
Labour and President of the José Antonio Girón Professional Schools Foundation and National 
Councillor of Falange); right: Pedro Rodríguez Alonso de la Puente around 1948 (photograph 
provided by Belén Rodríguez Nuere). 


participation (González Capitel 1982, 147). With Pedro Rodríguez, he also designed and 
built the Universidad Laboral de Zamora (García-Lozano 2019). Other collaborators were 
Enrique Huidobro Pardo, Pedro Méndez, Luis García Palencia and José Antonio Domínguez 
Salazar, as well as sculptors, painters and artists such as Manuel Álvarez Laviada and 
Enrique Segura. The work of the structural architects Manuel Thomas Arrizabalaga and 
Luis García Amorena, and the engineer Juan Moya Blanco, should be highlighted. Their 
work was decisive in the adoption of structural types and their design of the large ribbed 
domes and the paraboloid of the church of Santa María del Pilar, although unfortunately 
their work has been somewhat overshadowed (Jiménez 2012a; 2012b). 

Several of these collaborators also used vaults in their professional activity. Although 
Luis Moya, throughout his professional life after 1941, is presented as the key supporter of 
the tile vault in Spain, many vaulted structural solutions (not all of them tile vaults) were 
designed, calculated, directed or executed by his collaborators, both in the studio and on site 
(Arrizabalaga 1950; Blanco and Salazar 1965, 55). For these reasons, research is beginning 
to offer a critical review of the work of these collaborators and their actual role in the archi- 
tectural and constructive configuration of these projects. 
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ARCHITECTURAL CONTEXT: THE SHORTAGE OF MATERIALS IN POST-WAR SPAIN 
AND THE USE OF TILE VAULTS 


Luis Moya's fixation with tile vaults seems to have arisen immediately after the Civil War. 
In the first projects and competitions he carried out between 1927 and 1936, he worked in a 
rationalist language with lintelled structures, with reinforced concrete porticoes (González 
Capitel 1982, 55-78). Few vaults were designed by Moya during this period, and appar- 
ently none of them were built. 

From 1941 onwards, Moya began to carry out works in which he systematically used 
tile vaults. The Civil War that raged in Spain between 1936 and 1939 devastated many 
towns and villages, causing their inhabitants to abandon them. Before the end of the war, 
the rebel government of General Francisco Franco passed the law of 30 January 1938, 
which organised the administration of the Francoist state and its ministries. Article 9 de- 
tailed the services of the Ministry of the Interior, including the “Devastated Regions and 
Reparations,” along with propaganda, press relations, welfare and health, among others. 
In 1939 the Dirección General de Regiones Devastadas y Reparaciones (General Direc- 
torate of Devastated Regions and Repairs) of the Ministry of the Interior (DGRD) was 
created. It would remain in operation until the Decree-Law of 25 February 1957 created 
the Ministry of Housing, which was integrated into the new General Directorate of Archi- 
tecture, Economy and Construction Technology. 

On 12 March 1941, the “Decree of 11 March 1941 on Restrictions on the Use of Iron in 
Building” was published in the Official State Gazette, its preamble stating: 


The circumstances of all kinds that a large number of industries requiring the use of iron as 
a raw material are going through, together with the implementation of reconstruction works, 
make it advisable to limit the use of this material in all those cases in which it can have 
adequate substitution.* 


This decree prohibited the use of metal-framed walls and sloping roofs and recommend- 
ed, among other techniques, the use of tile vaults (Boletín Oficial del Estado 1941a): 


The maximum economy of iron, replacing it with procedures based on reinforced con- 
crete with the minimum percentage of reinforcement and preference given to elements 
moulded in the workshop or requiring little formwork, or with enrasillados (tile roofs), 
tile vaults or timber frameworks, depending on the materials available in the region in 


question.” 
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A few months later, the technical regulations for the application of this decree were pub- 
lished, approved by decree on 22 July 1941 (Boletín Oficial del Estado 1941b). Therefore 
the very regulations drawn up by the General Directorate of Architecture already recom- 
mended the use of tile vaults in both reconstruction and new building works. 

It was in this context that Luis Moya began to systematically design with tile vaults. The 
architect was looking for an integral system of masonry construction, where the vertical 
systems were brick walls and the horizontal ones were tile vaults. The Museo de América 
and the dwellings in the Usera district, both buildings in Madrid, are projects that perfectly 
express this spirit. A few years later, when he wrote his treatise on vaults, Luis Moya took 
up this need and endorsed the ministerial recommendation (Moya Blanco 1947, 7): 


We now need to look for solutions to build with as little iron as possible. Moreover, the 
iron available to us is very uneven, sometimes including pieces of insufficient strength (...). 
The vault that works in the traditional way, that is, through compression in most of its 


mass, not only solves the problem of the shortage of iron but also provides some security.!" 


In the preface to this treatise, Moya points out the main source of his knowledge of 
vaults: the lecture by Buenaventura Bassegoda in 1946 in which he presented the work of 
Guastavino, which Moya admired and photographs of which he reproduced in his book 
(Moya Blanco 1947, 53): 


The works referred to in this album'' are truly extraordinary, due to their size, simplicity of 
structure and clean construction. Guastavino, a Valencian architect from the Barcelona School 


of Architecture, justifies the almost mythical fame he enjoys among us.'? 


The architectural context of the early post-war years can be followed, among other con- 
temporary publications, through the magazine Reconstrucción, the official publication of 
the DGRD between 1939 and 1953. In addition to serving as a means of disseminating 
building activity, the magazine also had an important propaganda role.!'* An examination of 
the projects and works that it published shows that the use of tile vaults was very wide- 
spread and treated with the normality of something known and customary. 

In the early post-war years (1939—ca.1950),!* vaults were systematically used in the con- 
struction of houses in rebuilt towns, such as Villanueva de la Cañada in 1941 (Cámara Niño 
1941, 31-37; de la Quadra Salcedo Capdevila 2001; G. de Churtichaga 2001) and Boadilla 
del Monte in 1943 (Faci 1943), both near Madrid. They were also used in the restoration of 
monuments, such as the cathedrals of Vich and Segorbe (Alejos 1942; Monreal y Tejada, 
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Figure 2. Longitudinal sections and photographs of the interior of two churches built with tile vaults 
in 1948. Left: Parish church of Seseña (Toledo), by the architect Luis Prieto Bances (1948, 283 and 
287); right: Chapel of the Colegio del Sagrado Corazón de Jesús in Ferraz Street in Madrid, by the 
architects Manuel and Gonzalo de Cárdenas (de Cárdenas and de Cárdenas 1948, 38). 


Luis 1942; Reconstrucción 1941; Macarrón Piudo 1941; Boyer Ruiz 1948) and in the resto- 
ration and new construction of a multitude of parish churches damaged during the war, such 
as Seseña, Montarrón, Potes, Almería, Montoro, Brunete, and Jaén, among many others 
(Prieto Bances 1941; Echenique 1941; Resines 1944; Hernández-Rubio y Cisneros 1946; 
Prieto Moreno, Fernández de Castro, and Fernández del Amo 1946; Reconstrucción 1946; 
Pajares 1948; Prieto Bances 1948) (plate [). Later they would continue to be used in the 
restoration of monuments, but associated with buildings that already had original vaults, 
such as the Bernardas convent in Alcalá de Henares, rebuilt at the end of the 1950s by José 
Manuel González Varcárcel (plate II). 

The figure of the master mason became fundamental at this time. The architect did not 
need to define anything more than the geometry of the vaults and the number of layers of 
rasillas (tiles). It is important to note that in the architectural and construction plans of the 
projects of this period, there were no details about the vaults. The technique was so common 
and well understood by the masons that the only technical data indicated was the number of 
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layers in the tile vault: “tile vault with two layers” (Cámara Niño 1940, 9), “the vault will 
be built with triple layer” (García Pablos 1944, 332-333), with the “classic groin tile 
vaults” (Hernández-Rubio y Cisneros 1946, 295), and so on. 

Bricklaying was a very common professional occupation in post-war Spain, and it 
was treated professionally. In the popular masonry competitions of the time, masters and 
workers competed to make an arch, a vault or any other construction element in the shortest 
possible time, with the most careful, precise and cleanest execution. A jury made up of ar- 
chitects, clerks of works, builders and even politicians reviewed the works and awarded the 
prizes (Canosa 1949). Masonry was considered a competent speciality, and thanks to 
the expertise of these masons, architects were able to build tile vaults without unnecessary 
details and specifications. This is explained by one of the architects ofthe DGRD, in con- 
nection with the reconstruction of the parish church of Carabanchel Bajo in Madrid (Fiter 
1948, 56): 


The work on the church of Carabanchel Bajo has succeeded in reviving the true craftsman- 
ship of the building trades and the workers” eagerness to improve themselves, so much 
abandoned in recent times; particularly in the field of masonry, Carabanchel Bajo has always 
stood out for the competence of its workers. In this work, with the construction of exposed 
brickwork, tile vaults, corridos, etc., the affection for this “non-standard” work, the joy and 
interest of the mason in the noble struggle with his companion to recover the speciality of 


other times, is evident.'* 


=> 
El 


, 
A 


de 


Figure 3. Left: Caricature of a masonry competition, where the masters strive to build a brick arch 
in the shortest time and with the most careful execution possible (Canosa 1949, 304); right: The jury 
formed by, among others, the architect Antonio Font de Bedoya (fourth from the left) and the clerk 
of works Cándido García Germán (third from the left), assesses the execution of an arch and the start 
of two brick vaults in a masonry competition in the Barriada Casas del Hogar (Palencia) around 
1947-50 (photograph provided by Juana Font de Arellano). 
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Figure 4. Left: Section of a building from the reconstruction of the Plaza de Zocodover in Toledo, 
where the tile vault is used for the stairs (Fernández Vallespín 1943, 174); right: Example of 
continuity in the tradition of vaulted staircases maintained by the masters in a staircase built in 
Torrelaguna by Grupo Azohc Architects in 1999 (Photo: Grupo Azohc Architects). 


Consequently, all these architects who worked with tile vaults used them as a simple, 
economical element, familiar to the builders and not needing further definition or attention. 
The use of tile vaults was not given the importance that Luis Moya would later defend. 
However, as soon as more materials became available, tile vaults were abandoned in favour 
of reinforced concrete floors. Tile vaults were relegated to use in building traditional vault- 
ed staircases. These staircases, formed by a succession of ramped vaults that rest one on top 
of the other, were common in Spain until almost the 1990s, a tradition maintained by the 


masters who made them (Igoa 1963). 


Forjado ge pisos 


Figure 5. Left: Constructive digression to make flat slabs with rasillas without using iron (Cámara 
Niño 1941, 38); right: Typical section of a Palencia slab, where the rasillas function as a lost 
formwork for the concrete beams (drawing provided by Juana Font Arellano). 
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At the same time as the construction of tile vaults in accordance with the building tradi- 
tion, there was a search for new technical solutions to cover spaces based on the use of the 
rasilla, avoiding the use of iron. Some singular examples are flat slabs or reticulated vaults 
(Cámara Niño 1941), which are no more than a theoretical exercise. One invention that did 
gain acceptance was the “forjado Palencia” (Palencia floor), by Antonio Font de Bedoya, 
consisting of a brick cavity that functions as a lost formwork for the construction of a beam 
in situ (Font de Arellano 2011). 


Figure 6. Tile vaults during construction (left) (Fisac 1948, 206), and with their cladding and 
paintings today (right), of the church of the Holy Spirit in Madrid (Photo: Author). 


The planimetric documentation defining the projects of this period barely indicates 
more than the situation of the vault. The construction and detailed plans specify con- 
struction solutions, such as bracings, reinforcement of the reinforced concrete beams, 
and aesthetic details such as cornices, but hardly any information is given about the tile 
vaults other than their geometry: there are no further data or explanations. One case in 
which at least the geometric control system for the construction of the vaults is men- 
tioned is the church of the Espíritu Santo in Madrid, a work by Miguel Fisac built in 
1948 (Fisac 1948, 205-206): 


The solution adopted for the construction of the vaults was to form a rectangular enclosure 
with four reinforced concrete arches (two transverse and two side arches), covering this 
space with a sail vault, tile vault with rasilla, which is easily constructed with a simple fly- 
ing formwork whose position can be fixed at any time by the length of a radius that starts 
from the materialised centre of the sphere of which the vault forms part.'* 
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Figure 7. Interior vaults and dome (left) and vault leaving the brickwork in the narthex (right) of the 
church of Nuestra Señora de Los Dolores in Madrid (Photos: Author). 


In general, these vaults were clad and rendered, so there was no concern for the brick- 
work. And this was precisely a distinguishing feature of Luis Moya's architecture: the 
architect often left the vaults uncovered, with the brick exposed, so that the brickwork 
acquired an aesthetic as well as a constructive connotation. 

It was in this context that Luis Moya began to work. Immediately after the end of the 
war, Luis Moya, in collaboration with his brother Ramiro, was commissioned to re- 
build the parish church of Nuestra Señora de Los Dolores in the Hospital de San Pedro 
ofthe Congregación de Venerables Sacerdotes in San Bernardo Street in Madrid, which 
had been burnt down in 1936. The restoration project uses tile vaults, but within the 
parameters described above. The only difference from other contemporary restorations 
is that it leaves some of the vaults visible, such as those of the narthex and under the 
church choir. 


“DECORATED BY THEIR OWN CONSTRUCTION”: TECHNIQUES AND PROCESSES IN 
THE CONSTRUCTION OF TILE VAULTS 


In Luis Moya'”s work, vaulted construction, and specifically the tile vault, was given a new 
status as a project object. While for others it was a common technique, for Moya and his 
collaborators the tile vault acquired a new distinction to the point of being the protagonist 
element and spatial definer of the project, with a specific aesthetic function. And all this 
emanates directly from construction, and specifically from the history of construction; the 
architect recovers and combines the structural repertoire, the construction technique, and 
the compositional-formal structure in the structural types of history and tradition. Con- 
struction, understood as the art of building, acquires an important dimension in Luis Moya 
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which is linked directly with functionality, utilitas, and the archetype and the architectural 
concept. As González Capitel points out, 


The consideration of construction as a principle — that is, as an architectural problem — de- 
manded its congruence with form; or this, at least, was its greatest aspiration. The construc- 
tion had to be technically good, but such goodness must also be adapted to the possible 
problems of utilitas — which ultimately means being congruent with the type — and placed 
at the service of thought capable of achieving synthesis, architectural thought (González 
Capitel 1982, 39-43).!” 


It is in this link that we have tried to see “the path along which his personal constructive 
research took him, combining audacious innovation with traditional practices” (García- 


Gutiérrez Mosteiro 2014a, 55).'* But was Luis Moya an innovator? Or in what sense was he 


an innovator? 


Figure 8. Left: Masons building the vaults ofthe dwellings of Villanueva de la Cañada (Cámara Niño 
1941, 33), where the wooden forms and the ropes that mark the guidelines and generatrixes of the 
cylinders can be seen. These traditional control systems are the same as those used by Moya and 
Feduchi in the Museo de América, on the right (Moya Blanco 1947, 16, fig. 10). 


Tile vaulting has the virtue of being able to cover large (and also small) spaces with a 
minimum of material and, above all, of considerably reducing the costs of auxiliary con- 
structional means. The rasilla is a highly rationalised and versatile construction product, 
with an optimum weight and size that makes it easy to install on site. The bricklayer uses a 
single tool, the paleta or trowel, with which he picks up the mortar, lays the rasilla, and 
then splits 1t to adapt it to the hole. 

In the early post-war years, Luis Moya designed two buildings in which he explored the 
technical and aesthetic possibilities of tile vaults to the maximum, making his own the need 
to build without iron: the houses in the Usera district and the Museo de América, both in 
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Madrid. While the Usera dwellings (plate III) were seen as an experimental project (and 
Moya presented the project as such in publications), in the Museo de América (which he 
designed in co-authorship with Luis Martínez Feduchi) the system is applied with natural- 
ness and rigour, both compositional and constructive (Moya Blanco and Martínez Feduchi 
1943, 414-415): 


The project has been drawn up taking into account the special construction system that can 
be seen in the plans, consisting of light tile vaults with rasillas on buttresses. These vaults 
solve the current problem of shortage of iron and cement and at the same time will give 
the building a special appearance in accordance with the Spanish and American construc- 


tions of the Golden Age (...) the rooms will be decorated by their own construction.'” 


Figure 9. Left: Explanatory drawing of the system of vaults and buttresses in the dwellings of Usera 
(Moya Blanco 1947, 35, fig. 25; 1943); right: Cross-section of the Museo de América, where the 
systematisation of the vaulting system is evident (Moya Blanco and Martínez Feduchi 1943, 413). 


The versatility of vaulted construction can be seen in the typological and geometric rep- 
ertoire used, depending on the floor plan of the room or space to be covered, or its signifi- 
cance and importance. The structural types used by Moya are taken from the history and 
tradition of Spanish construction. The buildings are made up of groups of volumes, court- 
yards and corridors arranged in a compositional way, with vaults used both in the smaller 
spaces and in the large halls and churches. Thus, we find barrel vaults, with and without 
lunettes, in rectangular and longitudinal rooms, but also in the cloisters and courtyards, 
forming a succession of self-balancing parallel vaults. In the laboratories and workshops in 
Gijón, the architects used vaults with an inclined generatrix to capture light from the north. 
This type of vault had already been widely explored in Catalan industrial architecture at the 
end of the 19th century, as in the well-known Aymerich, Amat y Jover de Moncunill factory. 
The groin vault is also used over rooms or quadrangular sections. 

The spherical or sail vault is used over rectangular and quadrangular floors. However, at 
the end of his career Moya designed two large spherical vaults. In the novitiate house of the 
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Figure 10. Left: Construction of a vault with spiral courses in the church of Manzanares (Photo: 
Author); centre: Drawing of the geometrical control by means of a cord to erect a vault on a 
rectangular plan (Moya Blanco 1947, 12, figs. 4 and 5); right: Spherical cap of the church of Santa 
María Madre de la Iglesia (Photo: Author). 


Marianist Religious in Gredos (Ávila), he proposed to cover the chapel with a spherical cap 
with a span of 16 m supported on a tambour with a zig-zag profile. Shortly afterwards, in 
the church of Santa María Madre de la Iglesia (Madrid), he built a vault with a central lan- 
tern with a span of 23 m and a thickness of about 12 cm. 

One of the most characteristic structural types in Moya”s work, which he explored and 
developed in the Museo de América, is the vault with interlaced arches. This structural type, 
borrowed from the history of Spanish construction, was used to cover large and singular 
spaces such as churches and chapels. The church of San Agustín (Madrid) (plate IV), the 
church of the Virgen Grande (Torrelavega), and the chapels of the professional universities 
of Gijón and Zamora are large elliptical spaces covered by vaults of interlacing arches that 


free the centre to open up a heavy lantern. 
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Figure 11. Left: Structural calculation of the 21 m span diaphragm arches of the church of Nuestra 
Señora de la Araucana (Madrid) (1969-73) (Luis Moya, ETSAM, L. MOYA B./P056/CR021- 
01/057) (Suárez Menéndez and Ruilope Urioste 2014, 197, fig. 5); right: Calculation of the arches 
of the church of San Agustín (Thomas Arrizabalaga 1950, 7). 


Tile Vaults in the Architecture of Luis Moya 447 


Figure 12. Left: Construction of the ribs in a vault of interlaced arches in the Museo de América, 
with solid bricks in horizontal forming tile arches (Moya Blanco 1947, 28, fig. 20); right: 
Falsework of the Universidad Laboral de Zamora, on which the ribs of the vault can be seen, built 
with several brick layers (Archive Rodríguez de la Puente, LP019 009, provided by Belén 
Rodríguez Nuere). 


Figure 13. Photographs of the work on the church of San Agustín, showing the formwork of the 
arches of the conference room (top left) and the dome of the church (bottom), where the construction 
of the ribs were made with hollow and solid brick layers (Moya Blanco 1950, 14-16). 
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The structural design of the architects was decisive for the structural (and therefore for- 
mal) design of these vaults. They used graphic statics to determine the profile and thrusts of 
the arches. In the church of San Agustín, Manuel Thomas calculated the shape of the arches 
and the perimeter band that collects their thrusts, giving the arches a third-degree hyperbola 
profile (Thomas Arrizabalaga 1950, 7; Moya Blanco 1987, 118). 

The construction of these ribbed vaults requires the help of timber formwork. Once the 
ribs have been built, the severies are closed with tile vaults. In some of the ribs, the bricks 
were placed in a rowlock pattern, while in others they were laid in horizontal layers. In the 
church of San Agustín, for example, the bricks were arranged in layers: “the arches were 
built on very light falsework, the first two laps of each arch being built on hollow brick and 
the next four with solid ceramic” (Moya Blanco 1950, 10). In a later publication, however, 
Moya lists other characteristics, as he mentions that a first tile arch was built with plaster 
and, on top ofit, another nine layers made with cement mortar, “so that they look like cross- 
bows” (Moya Blanco 1987, 117). This arrangement is designed to save on falsework by 
having a first tile arch which acts as a formwork. It had already been tried in other smaller 
vaults in the Museo de América, and was repeated in Zamora. In Gijón, however, the direc- 
tion of the bricks was changed and they were placed in a rowlock pattern (plate V). This is 
a more efficient arrangement for the normal compressive stresses inside the arch. In any 
case, the saving in falsework must not have been significant. 

The use of support facilities is always necessary for the construction of vaults, either in 
the form of supporting falsework or trusses, forms or girders for the geometrical control of 
the vault during its construction. In Moya's treatise Bóvedas tabicadas (1947) a few pages 
are dedicated to explain these types of controls, which were perfectly familiar to masons 
and builders. Some are as simple as the tying of a rope to define the geometry of a sphere, 
as was done for the tile vaults of the church of Manzanares with spiral bonding (García- 
Gutiérrez Mosteiro 2000a, 134; 2014a, 59), which significantly reduces the need to cut the 
rasillas in each ring. For the construction of the spherical cap of the church of Santa María 
Madre de la Iglesia, a mobile metal form was built to determine the profile of the dome, 
while the workers worked from scaffolding. 

The vaults are built with several layers of rasillas. Generally, the first layer or sencillado 
is joined with plaster, while the following layers or doblados are built with cement mortar. 
In the church of San Agustín, “depending on their dimensions, the vaults have one or two 
rasilla layers with cement on a rasilla layer with plaster” (Moya Blanco 1950, 3-9). In 
Bóvedas tabicadas Moya devoted an extensive section to explaining the laying of the vaults 
(Moya Blanco 1947, 9-40). In the 1954 COAM critical seminar in defence of the use of 
bricks, Moya explains that “in the workshops of the Universidad Laboral de Gijón (...) four 
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layers were necessary, the first one with plaster, and one more in the springs, according to 
the calculation of our colleague Luis García Amoreno” (de Miguel et al. 1954, 24). The 
description he gives of the Usera dwellings can be considered canonical for the construc- 
tion of tile vaults (Moya Blanco 1943, 55): 


Floors: Two-layer vaults of hollow rasilla, the lower one with plaster and the upper one 
with cement mortar. Those supporting the upper floor, reinforced with brick straps (...) 
Haunches” filling with dry rubble, watered with cement grout; the roof vaults are without 


ties, except for the end sections. 


(ei) 
Stairs: Two-layer vault, the lower one with plaster and the upper one with cement. Steps 
with tiles. Solid starting section.” 


Figure 14. Vault ofone of the apses of the chapel of the Universidad Laboral de Zamora. The sencillado 
or first layer is made with plaster. This vault is prepared for cladding, so the bonding is less careful 
(Archive Rodríguez de la Puente, LP019_ 005, provided by Belén Rodríguez Nuere). 
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In a good number of vaults, the bonding is visible. The skill of the masons, together with 
careful design and control by the architects and clerks of works, gave an aesthetic quality to 
the vaults? bonding. This shows the influence that Moya”s knowledge of Guastavino?s work 
may have had on Moya: “the almost mythical fame he has among us” (Moya Blanco 1947, 
53). He had already begun this practice in the restoration of the Church of Nuestra Señora 
de los Dolores and would repeat it, almost invariably, in the rest of his projects and works. 
As he said in the memoir of the Museo de América, the vaults would be “decorated by their 
own construction” (Moya Blanco and Martínez Feduchi 1943, 414-415). As was the case 
with Guastavino in 1892 in the Boston Library, in this first great work of the Museo de 
America a repertoire of structural types (barrel vaults, groin vaults, ribbed vaults, etc.) 
could be tested, as well as different types of bonding and decorations, such as the brick stars 


glued underneath in the vaulting of the interlaced arches. 


Figure 15. Bonding in the unplastered vaults of the Museo de América (Photo: Author). 


It seems no coincidence that the year (1959) in which the COAM held a critical seminar 
on Candelas work (in which Moya took part — his contribution was referred to at the begin- 
ning of this chapter) is also the year in which the project for the church of Santa María del 
Pilar in the Colegio de los Marianistas in the Niño Jesús district was begun. This church is 
covered with a large hyperbolic paraboloid and is one of the most unique vaults, together 
with another similar one (which was not built) for a church in Torrelavega. The church was 
designed and built in co-authorship with the architect José Antonio Domínguez Salazar and 
with the structural designer Luis García (Moya Blanco and Domínguez Salazar 1960, 23; 
1965, 55). Candela's work seems to have inspired architects to try out this structural type 
(Moya Blanco 1987, 114): 


The vaults-membranes of reinforced concrete and their new forms have suggested the pos- 
sibility of making many of these with rasilla, avoiding the cost of the formwork required 
by the former (...) This form, to which the name of Félix Candela is so closely linked, has 
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estructura nn 
lámina de cubierta 5 : 


Figure 16. Longitudinal section, plan of the reinforcement of the hyperbolic paraboloid, elevation 
and interior view of the church of Santa María del Pilar del Colegio de los Marianistas (Madrid) 
(Moya Blanco and Domínguez Salazar 1960, 1965). 


been made here in brick with wooden guides that materialise a family of generatrixes. 
These guide the shape of the first rasilla layer with plaster; three centimetres of cement 
mortar are applied on top of this to cover the bars in tension, and the second and third lay- 


ers, with the same mortar, finish with a rendering.?! 


Here, the bonding simply reproduces the straight generating lines of the paraboloid, but 
the essence of the construction is the same: the first layer is made with plaster and the next 
two with cement mortar. The difference lies in the fact that, because of its shape, reinforce- 
ment is introduced into the vault. Moya explored this form again in a project (not built) for 
the church of the Sagrado Corazón in Torrelavega (1965) (Garcia-Gutiérrez Mosteiro 
2014b, 205). 

Luis Moya always defended vaulted construction on the grounds of the shortage of 
iron and cement, even when this need was no longer so imperative. However, although 
his architectural vision constantly looked to history and he understood perfectly well the 
mechanical functioning of masonry, he knew that buttresses take up a great deal of mate- 
rial, so he defended the use of ring beams in the domes and ties in the longitudinal vaults 
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(Moya Blanco 1947, 35-44). While buttresses were used in the Usera houses, in the lar- 
ger, more substantial and characterful buildings, ring beams and ties were used. On the 
other hand, the vaults are seldom filled. As is usual in tile-vault construction (Fray Lorenzo 
de San Nicolás 1639), over the vaults there are usually transversal walls called lengietas, as 
in the Museo de América (Moya Blanco and Martínez Feduchi 1943, 414-415): 


The system will be consolidated with iron chains (...) on which the vaults will rest, and 
which will run along all the walls of the building, distributing the loads. 

The vaults that support floors will be filled with hollow rubble infill, and those that support 
roofs will have light small-walls for the support of the roof planes.” 


The use of ring beams was an invariable feature of the large vault designs. These beams 
have a support face perpendicular to the start of the arches or vaults, as recommended by 
Manuel Thomas for the church of San Agustín (Thomas Arrizabalaga 1950, 6): 


We recommend a ring beam profile (...) whose inclined face is normal to the resultant of 
the diagram (...) and normally to the direction of the reaction of the arch, in order to dis- 
tribute it well over the beam bars.? 


Figure 17. Left: Detail of the San Agustín ring beam (Thomas Arrizabalaga 1950, 6-7); centre: 
Detail of the concrete ring beam of the church of Santa María Madre de la Iglesia (Luis Moya, 
ETSAM, L.MOYAB./P042/CR018-01/125) (Suárez Menéndez and Ruilope Urioste 2014, 184, fig. 2); 
right: View of the truss and the start of the spherical cap of this church. 


Regarding the use of ties, Moya said that “in Spain there is no one who admits them delib- 
erately as part of a design project; but if they are already made, they go unnoticed in many 
cases” (de Miguel et al. 1954, 23). In these buildings, ties are sometimes visible and some- 
times hidden. For example, in the Museo de América, ties were hidden above the vaults 
(Moya Blanco 1947, 16, fig. 10). In the Hospital Mutual del Clero, they are visible in the bar- 
rel vaults of rooms and corridors (Moya Blanco 1947, 38, figs. 32-33). In the Universidad 
Laboral de Zamora, the ties of the barrel vaults are visible in the workshops and hidden in the 
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halls and dormitories (Moya Blanco, Rodríguez de la Puente, and Moya 1955a, 2) (plates VI, 
VIL VII. Sometimes, however, the concealment of the ties in the bedrooms responded to 
requirements of a different nature than the merely technical (García-Lozano 2019, 175): 


At the express request of Pinilla Turiño [undersecretary of Labour and president of the 
Fundación Escuelas Profesionales “José Antonio Girón”], the metal ties of the tile vaults of 
the dormitories were replaced by an alternative construction system, using reinforced con- 
crete arches built in situ. The president of the Foundation considered that, in addition to be- 
ing aesthetically unpleasing, these elements could be dangerous for the students, perhaps 
fearing that they would facilitate a suicide attempt.” 


Figure 18. Top: Two views of the construction of the Universidad Laboral de Zamora, with a long 
barrel vault with metal ties and a succession of self-balancing vaults in the cloister (Archive 
Rodríguez de la Puente, LP028_010r1 and LP028_004r1, provided by Belén Rodríguez Nuere); 
bottom: Cross-section and detail of the mobile anchorage of the tie rod (Moya Blanco 1947, 46-47). 
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In these cases, beams or bars are used as tie rods, which are anchored to the enclosing 
walls. However, the most significant ties are those designed for the reconstruction of the 
church of Manzanares (Ciudad Real) (1943-45), which Moya carried out together with 
Pedro Muguruza (at that time, General Director of Architecture) and Enrique Huidobro. 
They are tile vaults between transversal arches with a span of 11 m. The architects took into 
account the movements due to thermal expansion, so they designed an anchorage that left 
the rotation free. 

Finally, it is important to point out the virtue of tile vaults in terms of the cheapness of the 
work and the speed of execution. In several publications and conferences, Luis Moya de- 
scribed the processes and timing of construction to demonstrate how quickly a good mason 
could build the vaults. The organisation of works of this type was the responsibility of the 
architects and clerks of works, who were in charge of the exhaustive control of the dead- 
lines and processes. In the construction of the vaults of the church of San Agustín, 


Forty days of work (...) were spent from the time the first falsework was placed until its to- 
tal completion. Rapid execution is highly advisable in this type of work, so that the tem- 
perature and humidity of the environment are as uniform as possible throughout the course 
of the work.?” (Moya Blanco 1950, 10) 


Each of the 185 m? vaults ofthe Universidad Laboral de Gijón (plate IX) was built “by four 
crews, with six workers to carry the material, in seven working days. Another contractor pre- 
ferred to do it with two crews, and used fifteen working days” (de Miguel et al. 1954, 24). 


CONCLUSIONS 


These brick and tile vaults wrote the (pen)ultimate page of a long building tradition. Born 
of this tradition and of the need to build using as little iron as possible due to its scarcity in 
post-war Spain in the 1940s, Luis Moya positioned himself as the defender of masonry 
construction and, specifically, of tile vaults. When, a few years later, Spanish architects 
began to abandon tile vaults in favour of concrete structures, Moya and his collaborators 
continued to design and build with the systematic use of vaults, a practice which was se- 
verely criticised.? 

The real role played by Luis Moya's collaborators is a field of research that is just beginning 
to be realised. He surrounded himself with architects, engineers, clerks of works and artists 
who worked together and contributed their knowledge and professionalism to each of the 
projects. All in all, Moya”s work is characterized by constancy in defending the systematic 
use of vaults in all types of projects and in proposing the typological adaptation, always 
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taking brick as the constructive base, and emphasizing the importance of formal, modular 
and compositional issues in the context of the theoretical and aesthetic background of an 
increasingly refined classicist language (plate X). 

This architecture has been seen as both innovative and traditionalist. Without going into 
formal and compositional questions, which are complex and have been sufficiently studied, 
the technical innovation of Luis Moya and his collaborators may lie in taking up the baton 
and developing the architectural ideas of the Guastavinos in terms of the constructive un- 
derstanding of these structures. Perfectly understanding the mechanical function of these 
masonry structures, Moya combined them with metal elements that optimise the structure. 
The recovery of structural types from the history of construction (such as interlaced arch 
vaults) is coordinated with the incorporation of the design and structural calculation of their 
elements and, specifically, of the ring beams and tie rods, for the sake of an economy of 
material in the buttressing system that would otherwise have to be installed. Indeed, “no 


one can follow a tradition without renewing it.” 
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NOTES 


1. “No one can follow a tradition without renewing 1t” (Moya's speech in Bravo Sanfeliú et al. 1959). 


2. This Critical Architecture Seminar was attended by the following architects: Pascual Bravo Sanfeliú, 
José Antonio Corrales, Ramón Vázquez Molezún, Miguel Fisac, Luis Moya, Fernando Chueca Goitia, 
Antonio Vallejo, Fernando R. Dampierre, Javier Lahuerta, Francisco de Asís Cabrero, Rafael de la 
Hoz, Fernando Higueras and Francisco de Inza (Bravo Sanfeliú et al. 1959). 


3. “La técnica se hace arte, o más bien, el arquitecto emplea la técnica para hacer obra de arte como 
un pintor puede emplear los colores; el cálculo y la intuición constructiva de Candela aparecen como 
simples medios para la creación de estas formas bellas.” 


4. “El verdadero continuador de su tradición [de Gaudí], es, ya, Candela. En el mismo sentido, es 
también el verdadero seguidor de la tradición española en Méjico, con lo cual sería el enlace entre 
Méjico y Gaudí; lo que no es una conclusión tan disparatada como parece. Pero como nadie puede 
seguir una tradición sin renovarla, Candela ha creado formas nuevas, partiendo de una base geomé- 
trica estricta, y dentro del grado de libertad que permite el paraboloide hiperbólico (el genio se 


456 Ignacio Javier Gil Crespo 


expresa en las limitaciones, decía Goethe) ha enriquecido el repertorio de la Arquitectura universal 
con temas necesarios, en sentido leonardesco, no arbitrarios ni sujetos a moda pasajera.” 


5. Aspects of Luis Moya's biography have been discussed by Antón González Capitel and Javier 
García-Gutiérrez Mosteiro (González Capitel 1976, 1982, 1983; García-Gutiérrez Mosteiro 2000b; 
González Capitel and García-Gutiérrez Mosteiro 2013). Luis Moya González (2012) has written 
about Ramiro Moya. García-Lozano has compiled the profiles of the architects who worked at the 
Universidad Laboral de Zamora (García-Lozano 2019, 329ff). 


6. In the treatise Bóvedas tabicadas Moya mentions this shortage during the First World War and the 
adaptation that his uncle Juan Moya had to make in the monastery of La Huelgas in Burgos due to the 
lack of iron, when he replaced the designed metallic structure with tied arches in which, finally, no ties 
were used and whose thrust was counteracted by the existing buttresses (Moya Blanco 1947, 65). Forty 
years later, in 1987, he mentions this situation again, although here he says that he used tile vaults in- 
stead of tied arches (Moya Blanco 1987, 112); 1t 1s not possible to know which version is correct. 


7. Miguel Ángel Álvarez Álvarez has written a doctoral thesis on the life and work of the painter and 
portraitist Enrique Segura. This researcher, who has worked at the Universidad Laboral de Gijón, is 
rescuing the figures who until now were considered secondary in the conception and execution of 
such a great building, for example, the structural designer Luis García Amorena (Jiménez 2012a, 
2012b) and the painter Enrique Segura (Álvarez Álvarez 2017, 2019). 


8. “Las circunstancias de toda índole porque atraviesan un gran número de industrias que requieren 
el empleo del hierro como materia prima, unido a la puesta en marcha de obras de reconstrucción, 
aconseja limitar el uso de este material en todos aquellos casos en que pueda tener sustitución 
adecuada.” 


9. “La máxima economía de hierro, sustituyéndolo con procedimientos a base de hormigón armado 
del mínimo porcentaje de armaduras y de preferencias en elementos moldeados en taller o que requieran 
poco encofrado, o bien con enrasillados, bóvedas tabicadas o entramados de madera, según los mate- 
riales disponibles en la comarca de que se trate.” 


10. “Tenemos ahora la necesidad de buscar soluciones para construir con la menor cantidad de hierro 
posible. Además, el hierro de que disponemos es muy desigual encontrándose, a veces, trozos de una 
resistencia insuficiente (...). La bóveda que trabaja de manera tradicional, o sea a compresión en la 
mayor parte de su masa, no sólo resuelve el problema de la escasez de hierro sino que proporciona 
cierta seguridad.” 


11. He refers to a catalogue of Guastavino”s construction company, with plans and photographs, 
which belonged to the architect Mariano Belmás Estrada (1850-1916), author of several historicist 
and eclectic buildings in Madrid, and whom Moya knew through Buenaventura Bassegoda. 


12. “Las obras a que se refiere este álbum son realmente extraordinarias, por sus dimensiones, sencillez 
de estructura y limpieza de construcción. Guastavino, Arquitecto valenciano procedente de la Escuela 
de Arquitectura de Barcelona, justifica por ellas la fama casi mítica que tiene entre nosotros.” 


13. There are several published monographs and doctoral theses on architecture as propaganda at the 
service of Francoism, including on the role of the DGROD in the stylistic definition of the architectural 
aesthetics of the dictatorship (Sambricio 1980, 1987; Almarcha Núñez-Herrador 1991, 1997; Sambricio 
1999; Garcíia-Gutiérrez Mosteiro 2003; Azpilicuela Astarloa 2004; Carmona Arriaga 2004; Más 
Torrecillas 2008; Sánchez Muñoz 2011; Box 2012; Pérez-Olivares García 2013; Ruesga Ortuño 
2016; Almarcha Núñez-Herrador 2017). In addition, the archives of the seven zone commissions and 
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their county offices are currently being digitised, so the available documentation is growing. A paper 
on the vaults built by another institution of great building activity in post-war Spain, the Instituto 
Nacional de Colonización (Redondo Martínez and Castilla Pascual 2021), will soon be presented at 
the 7th International Congress on Construction History (Lisbon, 2021). 


14. The versatility of tile vaults had made it possible to build air-raid shelters during the Civil War, 
such as the one that appeared in Barcelona in 2015 during construction work, which attracted the 
attention of the press (Pauné 2015). Even military engineers were interested in the tile vault tech- 
nique to save on falsework in concrete works such as machine-gun positions and even for the con- 
struction oftroop barracks, such as those built around 1960 in Hoyo de Manzanares (Madrid) (Mateo 
Bacas 1941). Archaeologist and Spanish Civil War specialist Pablo Schnell Quiertant is studying 
this subject. 


15. “Con las obras de la Iglesia de Carabanchel Bajo se ha logrado resucitar la verdadera artesanía de 
los oficios de la construcción y el afán de superación del obrero, tan abandonado en las últimas épo- 
cas; particularmente en el ramo de la albañilería se destacó siempre Carabanchel Bajo por la compe- 
tencia de sus oficiales. En esta obra, con la construcción de fábricas al descubierto, bóvedas tabicadas, 
corridos, etc., se ha puesto de manifiesto el cariño a estos trabajos “no de serie”, la alegría e interés del 
albañil en la noble pugna con su compañero para recuperar la especialidad de otros tiempos.” 


16. “La solución adoptada para la construcción de las bóvedas ha sido formar con cuatro arcos (dos 
fajones y dos formeros) de hormigón armado un recinto rectangular en planta, cubriendo este espacio 
con una bóveda vaída, tabicada de rasilla, que se construye con toda facilidad con una simple for- 
maleta volante cuya situación puede ser fijada en todo momento por la longitud de un radio que parte 
del centro materializado de la esfera de que forma parte la bóveda.” 


17. "La consideración de construcción como principio — esto es, como problema arquitectónico — 
exigía su congruencia con la forma; o esto, al menos, era su mayor aspiración. La construcción debía 
ser técnicamente buena, pero tal bondad debe adecuarse también a los posibles problemas de la 
utilitas — lo que supone en definitiva ser congruente con el tipo — y ponerse al servicio del pensamiento 
capaz de lograr la síntesis, el pensamiento arquitectónico.” 


18. This section analyses the purely technical aspects of vault construction in Moya's work, using 
primary sources such as the architect's publications and project and construction plans. The plans that 
make up the ETSAM legacy have been published recently (Suárez Menéndez and Ruilope Urioste 
2014). It is not, therefore, a chronological-analytical approach. Professor Javier García-Gutiérrez 
Mosteiro, who has researched the architect's work in detail, has published numerous studies from a 
typological, formal and/or chronological viewpoint and has studied the evolution of Moya's struc- 
tural and constructive types (García-Gutiérrez Mosteiro 1996, 1998, 2000a, 2013, 2014b). 


19. “El proyecto ha sido redactado teniendo en cuenta el sistema especial de construcción que puede 
verse en los planos, consistente en bóvedas ligeras tabicadas de rasillas sobre contrafuertes. Dichas 
bóvedas resuelven el problema actual de escasez de hierro y cemento y al mismo tiempo darán a la 
construcción una fisonomía especial de acuerdo con las construcciones españolas y americanas del 
Siglo de Oro (...) las salas quedarán decoradas ya por su propia construcción.” 


20. “Forjados: Bóvedas de dos hojas de rasilla hueca, sentada la inferior con yeso y la superior con 
mortero de cemento. Las que sostienen el piso superior, armadas con correas de ladrillo del pie 
correspondiente a los pilares del muro de carga. Enjutado de cascote en seco, regado con lechada de 
cemento; sin correas las bóvedas de cubierto, excepto los tramos extremos, que las llevan con la 
misma disposición mencionada para la del piso. (...) Escaleras: Bovedilla de dos hojas, sentada la 
inferior con yeso y la superior con cemento. Peldaños tabicados. Tramo de arranque macizo.” 
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21. “Las bóvedas-membranas de hormigón armado y sus nuevas formas han sugerido la posibilidad 
de hacer muchas de éstas con rasilla, evitando el coste de los encofrados que exigen aquéllas (...) Esta 
forma, a la que va tan unido el nombre de Félix Candela, se ha realizado aquí en ladrillo con guías 
de madera que materializan una familia de generatrices; dirigen éstas la forma del primer tablero de 
rasilla con yeso; sobre éste se aplican tres centímetros de mortero de cemento que engloban las barras 
de tracción, y encima el segundo y tercer tableros, con el mismo mortero, terminando con un en- 
foscado.” 


22. “El sistema se consolidará con cadenas de hierro (...) en las que apoyarán las bóvedas, y que 
recorrerán todos los muros del edificio, repartiendo las cargas. Las bóvedas que sostienen pisos se 
enjutarán con relleno de cascote hueco, y las que sostienen cubiertas llevarán tabiques ligeros para el 
apoyo de los planos del tejado.” 


23. “Aconsejamos un perfil de zuncho (...) cuya cara inclinada es normal a la resultante del diagrama 
(...) y normalmente a la dirección de la reacción del arco, a fin de repartir bien ésta sobre las barras de 
zuncho.” 


24. “Por petición expresa de Pinilla Turiño se sustituyeron los tirantes metálicos de las bóvedas 
tabicadas de los dormitorios de internos por un sistema constructivo alternativo, mediante arcos de 
hormigón armado construidos in situ. El presidente de la Fundación consideró que, además de poco 
estéticos, estos elementos podrían resultar peligrosos para los alumnos, quizá temiendo facilitar algún 
intento de suicidio.” 


25. “Cuarenta días de labor (...) desde que se colocaron las primeras cimbras hasta su terminación 
total. La ejecución rápida es muy aconsejable en este género de obras, con objeto de que la tempera- 
tura y humedad del ambiente sean lo más uniforme posibles en todo el curso del trabajo.” 


26. After the 1940s, Luis Moya seems to have been alone in his defence of the vaulted ceiling. The cri- 
ticisms of his colleagues are proof of the change in attitude in the profession that Moya resisted: “Tile 
vault, a constructive obsession of this building” (Jenaro Cristos); “I think Luis has stopped the clock, or, 
to use another phrase, missed the bus. These buildings, so magnificent, so stupendous, with their desire 
to attract attention because of their gigantic size and wealth of materials, give the appearance of a ba- 
rracks or convent” (Juan Corominas); “It seems to me that it is just as pernicious to set off around the 
world with a briefcase as to do it with nine suitcases, all of which are considered essential. I think Luis 
Moya has too many suitcases loaded with culture (...), and this burden affects his projects, preventing 
him from seeing clearly” (Gutiérrez Soto). Luis Moya defended himself by clinging to tradition and 
opposing fashions: “We have presented you a building which, as is the norm in these sessions, you have 
criticised. I am very grateful for all these ideas. I believe, however, that you are hallucinated by these 
fashions, which are so quickly passing in our time, and even more so in our country, where they depend 
on the publicity of foreign magazines” (Moya Blanco, Rodríguez de la Puente, and Moya 1955b). 
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Plates 
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Plate 1. Working drawings (1944-1949) of the vault of the church Padres Carmelitas 
in Hinojosa del Duque (Córdoba). The details of the perimeter beam and the reinforce- 
ment of the concrete are specified, while the tile vault is barely described — only the 
geometry and the specification that it is built with two layers and a reinforcement (Ar- 
chivo de la Delegación Territorial de Córdoba de la Consejería de Fomento y Vivienda 
de la Junta de Andalucía, exp. ES.140214.AFVCO2.3Carp.9x6-12 and ES.140214. 
AFVCO2.3Carp.9x6-6). 
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Plate II. Section of the restoration design of the vault of the Convento de las Bernardas 
in Alcalá de Henares (Madrid), by José Manuel González Varcárcel (1959) (Planoteca 
del Instituto del Patrimonio Cultural de España, 11021). 
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Plate III. Drawings and photographs during the construction of the experimental dwell- 
ings in Usera, built entirely with brick and tile vaults (Moya Blanco 1943). 
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Plate IV. Crossed-arch vault in the church of San Agustín (top) and Universidad Laboral 
de Zamora (bottom) (Photos: Author). 
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Plate V. Crossed-arch vault in the church of the Universidad Laboral de Gijón in 
construction, October 1954 (Archive Basiner). 
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Plate VI. Courtyard of the Universidad Laboral de Zamora in construction (Archivo 
Rodríguez de la Puente, LP004 001, courtesy of Belén Rodríguez Nuere). 
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Plate VII. Working drawing of the granja Agronómica in the Universidad Laboral de 
Zamora (Archivo Rodríguez de la Puente, GE-32, courtesy of Belén Rodríguez Nuere). 
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Plate VIII. Working drawing of the Universidad Laboral de Zamora, with the 
specification of the reinforcement of the concrete and perimeter beams (Archivo 
Rodríguez de la Puente, GE-13, courtesy of Belén Rodríguez Nuere). 
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Plate IX. Universidad Laboral de Gijón in construction (Archivo Rodríguez de la Puente, 
LP024_003r1, courtesy of Belén Rodríguez Nuere). 
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Plate X. Comparison, at the same scale, of a selection of the main vaults, arranged by 
type and span (Author over drawings in Suárez Menéndez and Ruilope Urioste 2014). 


VAULTS WITH INTERLACED ARCHES 


SPHERICAL DOMES 


Manzanares 


Escolasticado 


San Agustín 


Zamora 


Torrelavega 


Gijón Pa 


Gredos 


Sta. M? Madre Iglesia 


HYPERBOLIC PARABOLOIDS 


Sta. M? del Pilar 


S. Corazón Torrelavega 


9,5 10,20 


Paula Fuentes 
Vrije Universiteit Brussel 


Ignacio Javier Gil Crespo 
Fundación Cárdenas 


Rosa Ana Guerra-Pestonit 
Universidade de Santiago de Compostela 


Rafael Hernando de la Cuerda 
Universidad de Alcalá 


Santiago Huerta 
Universidad Politécnica de Madrid 


John Ochsendorf 
Massachusetts Institute of Technology 


Esther Redondo Martínez 
Universidad Europea de Madrid 


Ana Rodríguez García 
Universidad de Alcalá 


Lia Romano 
University of Naples Federico II 


David Wendland 
Brandenburg University of Technology 


Romain Wibaut 
Vrije Universiteit Brussel £ KU Leuven 


List of Authors 


TEXTS ON THE THEORY AND HISTORY OF CONSTRUCTIONS 


Edited by Santiago Huerta 


A. Buchanan et al. Willis. Science, Techn., Architecture 
A. Choisy. El arte de construir en Roma 

A. Choisy. El arte de construir en Bizancio 

A. Choisy. El arte de construir en Egipto 

A. Choisy. Historia de la arquitectura (forthcoming) 

P. Fuentes, |. Wouters (Eds.). Brick vaults and Beyond 
l. J. Gil Crespo (Ed.). Construcción fortificada 

J. Girón, S. Huerta. Choisy. L'architecture, l'art de bátir 
R. Guastavino. La construcción cohesiva 

J. Heyman. Análisis de estructuras: historia 

. Heyman. El arco de fábrica 

. Heyman. El esqueleto de piedra 

Heyman. Equilibrio de cáscaras (forthcoming) 

. Heyman. Geometry 8 Mechanics of Historic Structures 
. Heyman. La ciencia de las estructuras 

. Heyman. Teoría básica de estructuras 

. Heyman. Estructuras de fábrica. 2 vols. 

. Heyman. Vigas y pórticos 

. Huerta. Arcos, bóvedas y cúpulas 

. Huerta (Ed.). Bóvedas de Guastavino en América 

. Huerta (Ed.). History of the Theory of Structures 

. lbáñez (Coord., Ed.). Trazas, muestras y modelos góticos 
. lbáñez, B. Alonso. El cimborrio en la arquitectura hispánica 
. M. Molero et al. (Eds.). Construcción fortificada medieval 
. Monasterio. Empuje de las bóvedas (forthcoming) 

. R. Perronet. Construcción de puentes en el siglo XVIII 
. Straub. Historia de la ingeniería (forthcoming) 

. E. Street. La arquitectura gótica en España 

. Thunnissen. Bóvedas: su construcción y empleo 

. Truñó. Construcción de bóvedas tabicadas 


. Viollet-le-Duc. La construcción medieval 


DTD. MB AOL A A E NN A e A 


. Willis. Construcción de bóvedas en la Edad Media 


ISBN 978-84-9728-587-2 


5 


9"788497'"285872 


